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DISCLAIMER 


The  information  contained  in  this  document  is  neither  an  eiKknrsement  ikv  criticism  for  any  X- 
ray  imaging  instrumentation  or  equipment  used  in  this  study. 


SUMMARY 

Under  final  and  denomutration  task  assignments  of  the  Advanced  Development  of  X-ray 
Computed  Tomogi^hy  Applicatim  program,  cmnputed  tomogn^hy  (CT)  was  evaluated  for  its 
benefits  to  companies  involved  in  emerging  materials  and  processing  techi^ues. 

The  development  and  qualification  ttf  new  materials  and  processes  require  characterization  oi  die 
materials  as  a  fiuiction  of  manufacturing  and  t^ierational  parameters.  X-Ray  coaqnited 
tmnography  (CT)  provides  quantitative  measurements  of  material  characteristics  in  toms  cf  the 
dimensions,  density,  and  ccmposition.  The  results  of  studies  involving  CT  testing  of  various 
materials  (kmonstrate  the  ability  of  CT  to  provide  information  need^  in  material  pocess 
understanding.  Die  cost  benefit  of  using  CT  is  in  reduced  risk  and  reduced  cycle  time  for 
process  devek^ment,  resulting  from  easily  interpreted  nondestructive  infotmatkm  on  product 
condition  being  available  at  any  or  all  intermediate  stages  in  the  process.  By  allowing  internal 
evaluation  for  structures  whose  interiors  are  imuxessible  by  odier  ntmdestructive  evaluation 
methods,  CT  increases  design  optitms  and  enables  r^d  evaluation  of  new  design  concepts. 
Qrganizatitms  wishing  to  conqiete  in  advanced  materials  will  find  CT  to  be  an  essential  tool. 

CT  system  and  operation  costs  are  presently  too  high  for  routine  examination  of  any  but  the  most 
costly  products.  Rather,  CT  is  an  enabling  technology  for  product  development  which  will  have 
inprocess  quality  omtrol  and/or  very  low  cost  final  NDR  CT  system  costs  will  need  to  be 
reduced  to  the  throughput  costs  of  tni^tional  NDI  for  CT  to  be  iiiq>lenaented  as  an  end  item  NDI 
tool.  The  geometiy  of  many  full  scale  aucraft  composite  and  advanced  material  structures  tends 
to  be  beyond  the  operational  regimes  of  conventitmal  (360*)  access  CT  techniques  due  to  the 
overall  assembly  size  and  aspect  ratio.  Because  of  tius,  CT  primarily  will  ai^ly  to  substructure, 
subsection  testing,  or  small  emerging  material  cooqxxients. 
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LO  INTRODUCTION 

The  goal  ai  the  Advanced  Develt^nnent  oi  X-Ray  Computed  Toox^raidiy  Aj^licatioiis 
demcmstration  (CTAD)  pro^pam  is  to  evaluate  ^^li^ons  for  which  cooqmtkl  t(»iogrq>hy 
(CT)  can  provide  a  cost-emective  means  of  evaluating  aiicraft/aaospace  cooqxxients.  Tte 
program  is  task  assigned  so  that  specific  CT  ^plications  or  applicadtm  areas  can  be  addressed  in 
separate  task  assig^  projects.  This  interim  report  is  the  result  of  task  assignment  studies. 
Under  die  program,  candithue  hardware  is  selected  for  testing  that  offers  pmentul  for  return  on 
investment  for  tlw  nondestructive  evaluation  system  and  (^ration.  Tim  categories  of  task 
assignment  are  employed  in  the  program:  1)  preliminary  tests  where  a  variety  of  parts  and 
components  in  an  {^plicadmi  area  are  evaluated  for  their  suitability  to  CT  examinations  for  their 
insprotion;  2)  final  tests  where  one  or  a  few  cmr^xments  are  selected  for  detailed  testing  of  CT 
capability;  and  3)  demonstrations  where  the  viability  of  CT  is  evaluated  and  tte  results  presented 
to  government  and  industry.  This  interim  report  is  the  result  of  both  a  final  and  a  demonstration 
task  assignment  study  on  the  use  of  CT  far  emerging  aerospace  matmals  and  proces^s. 
Addition^  task  assignment  reports  that  were  issiwd  by  the  CTAD  program  are  listed  in 
References  1  through  16. 


1.1  Computed  Tomography 

X-ray  computed  tomography  (CT)  is  a  powerful  nondestructive  evaluation  technique  that  was 
conceived  in  the  early  19M's  and  has  been  develt^ing  rapidly  ever  since.  CT  uses  penetrating 
radiation  from  many  angles  to  reconstruct  ima^e  cross  sections  of  an  object  The  clear  images  of 
an  interior  plane  of  an  object  are  achieved  without  die  confusion  of  superposition  of  features 
often  found  with  conventional  film  radiography.  The  CT  images  are  maps  of  the  relative  linear 
X-ray  attenuation  coefficient  of  small  volume  elements  in  the  object.  The  X-ray  linear 
attenuation  coefficient  measurement  is  directly  related  to  material  density  and  is  a  function  of  dw 
atomic  number  in  the  small  volume  elements.  The  volume  elements  are  defined  by  the 
reconstruction  matrix  (in  combination  with  the  X-ray  beam  width)  and  by  the  effective  CT  slice 
height  The  CT  results  can  provide  quantitative  information  about  the  density/constituents  and 
dinwnsions  of  the  features  imaged. 

Although  CT  has  been  predominantly  applied  to  medical  dia^osis,  industrial  applications  have 
been  growing  over  the  past  decade.  M^cal  systems  are  designed  for  high  throughput  and  low 
dosages  spe^cally  for  humans  and  human  sized  objects.  These  systems  can  be  applied  to 
industrial  objects  that  have  low  atomic  number  and  are  less  than  one-half  meter  in  diameter. 
Industrial  CT  systems  do  not  have  dosage  and  size  constraints.  They  are  built  in  a  wide  range  of 
sizes  from  the  inspection  of  small  jet  engine  turbine  blades  using  midenergy  (hundreds  of  keV) 
X-ray  sources  to  the  inspection  of  large  ICBM  missiles  requiring  high  (MeV  level)  X-ray 
energies.  Industrial  CT  systems  generally  have  much  less  throughput  than  m^cal  systems.  The 
CT/^  program  uses  a  wide  range  of  CT  systems,  both  medical  and  industrial. 


1.2  Scope  and  Objective 

The  task  effort  covered  by  this  interim  report  involved  the  development  and  presentation  of 
materials  showing  the  useful  application  of  CT  to  a  variety  of  materials,  processes,  and  their 
characterization.  Organic  composites  and  advanced  materials,  and  their  processes  are  the 
primary  focus.  A  formal  presentation  of  the  CTAD  program  included  this  material  at  the  Air 
Force  (Computed  Tomography  Applications  Wmitshop  held  May  5-7,  1992  in  Salt  Lake  City, 
Utah.  In  addition  to  the  demonstration,  educational  materials  on  the  {qrplication  and  benefits  of 
CT  were  develops!  and  included  in  the  "Interactive  Multimedia  Presentation  for  Applied 
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Coaqimted  Tomogr^y"  (IMPACT)  scrftware  duu  operates  on  Macintosh  work«ations.  This 
package  will  be  available  WL. 

This  task  asagnment  also  rep^  on  additional  exanq>le  stories  of  CT  benefits  to  mamials 
characterization  not  iqpoded  in  earlier  task  assignment  reports.  These  examples  include 
evaluatkm  (rf  bonded  structures,  large  honeycomb  structures  with  coooplex  or  difficult  geom^ry, 
and  material  ctmsolidatkm  measurement 
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2.0  BENEFITS 


2.1  Organic  C(»npositBS  and  Advanced  Materials 

Due  to  demanding  requirements  imposed  on  current  and  future  high-perfcimance  aircraft 
structures,  advanc^  materials  and  manufacturing  processes  are  being  developed  for  ami  used  in 
a  variety  of  applications  to  extend  the  range  of  pM^wmance  available  from  actional  aerospace 
materials.  I^terials  are  often  called  "advanced"  if  they  exhibit  properties,  siu:h  as 
temperature  strength  or  high  stiffness  per  unit  weight,  that  are  significantly  better  than  those  of 
more  convention^  structi^  materials,  such  as  steel  or  aluminum.  High  strength-to-weight 
ratios  and  the  ability  to  tailor  the  material  to  meet  specific  criteria  (e.g.,  high  stiffness  in  one 
direction)  make  organic  composites  highly  attractive  for  these  iq>plications.  In  aMtitm  to 
organic  composites,  advanced  materials  include  structural  ceramics  (also  ceramic  matrix 
composites  (CMCs),  polymer  matrix  composites  0*MCs),  metal  matrix  conqmsites  (MMCs),  ai^ 
new  high-temperature/hi^-strength  alloys.  Processing  techniques  are  also  called  advanc^  if 
they  are  new  or  innovative  mediods  for  basic  matoial  fabrication,  joining,  or  asrembly  that 
create  lower-cost  and/or  higher-perfornumce  products. 

The  key  to  advanced  materials  is  that  they  are  "tailored"  to  have  the  properties  required  for  a 
given  application.  However,  due  to  the  nonhomogeneous  nature  of  advamred  materials  (which 
are  often  a  mixture  of  fibers  or  particulates  and  a  matrix),  problems  arise  in  their  manufacture 
and  handling  which  result  in  defects  unique  to  these  mateiids,  some  of  which  can  be  hidden  or 
uncharacterized.  These  defects  include:  delaminations,  porosity,  mmuniformities,  fiber 
misaligimient,  improper  layups  or  fiber  volume  fractions,  honeycomb  damage  (in  sandwich 
composites),  facesheet/webbing  disbonds,  matrix  cracks,  and  damage  due  to  inq>act  In  addition, 
many  advanced  material  parts  are  complex,  and,  therefore,  are  dSScult  to  inspect  Advanc^ 
structures  may  include  charmel  shi^res  with  ti^t  radii,  multilayered  honeycomb  structures, 
injection  molded  powder  metal  pans,  and  diffusion-bonded  alloys. 

Materials  fabrication  techniques  are  currently  being  developed  and  used  which  offer  lower 
production  costs  than  traditional  methods.  The  materials  are  often  made  up  of  metals,  alloys,  or 
plastics.  The  pans  manufactured  by  these  riKthods  can  contain  defects  which  are  unique  to  the 
process  and  material.  This  development  of  emerging  materials  and  processes  is  generating  a 
need  for  improved  quantitative  nondestructive  evaluation  methods.  Conventional  qualitative 
methodologies  (ultrasonics,  radiography  and  visual)  are  proving  inadequate  to  fully  characterize 
and  understand  properties  and  defects  of  emerging  materials  and  pitKesses.  Mwy  advanced 
materials  and  manufacturing  processes  have  experienced  limitation  in  their  quality  evaluation 
because  no  adequate  inspection  method  or  acceptance  criteria  has  been  available. 


2.2  CT  Benefits 

X-ray  computed  tomography  provides  cross-sectional  images  of  test  objects  which  are  a  map  of 
the  materitd  X-ray  linear  attenuation  coefficient  of  small  volume  elements  defined  by  the  image 
pixel  size  and  CT  slice  thickness.  These  volumetric  measurements  are  useful  for  feature 
detection,  density  measurement/constituent  identification,  and  dimensional  measurements. 
Table  2.2-1  lists  some  of  the  benefits  of  CT. 
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Table  2.2-1  CTT  Benefits  for  Organic  Composites  and  Advanced  Materials  and  Processes. 


Problem  CT  Benefit 


Material  Cmsolidation  Quantitative  of  density 

uniformity  (mixtuie  distributkn)  and  variation  over  a  3D  volume 

vdding 
porosity 

resin/fiber  distribution 
dry  ply 

fiow  characteristics 

Foreign  Material  Detection,  locarim,  and  quantification 

Bonds  (inaccessible  to  other  NDE  methods)  eTtent,  variations 

Internal  Structures/Reinforcements  Detecdmi  and  measurement  of 

placement,  interface  quality,  shiqte,  and 
conditim 

Damage  &  Testing  Volumetric  feature  detectkn 

(irrqtacts,  envirrament,  loading,  etc.)  measurement 

Coatings  Thickness,  variation,  interface  quality 

Anisotrc^c  Hber  Structure  Hber  direction,  tow  alignment,  wrinkles 

waviness 

Dimensional  Measurements  Nonctmtact,  internal,  external 

measurement 

Repairs  (honeycomb)  Adhesive  location  and  amount 


CT  offers  ctnisidraable  porential  to  reveal  three-dimensimal  quantitative  informatitm  useful  for 
design  and  manufacturing  inspection  and  analysis.  CT  can  precisely  define  die  size  and  locatitHi 
of  voids,  inclusions,  low  density  areas,  and  cracks  widiin  the  inspected  oonqxinait  Depth 
information  is  usefiil  in  categor^g  and  evaluating  defects.  CT  is  sensitive  to  density 
variations,  and  can  quantify  gradient  and  material  deferences  and  can  d^ie  die  details  of 
internal  structure  of  ctnnplex  configu^tms.  Because  complete  spatial  information  (xi  part 
ccmfiguratitm  and  defect  locatitm  is  available  fixxn  CT,  an  engineoing  assessment  of  die  as-built 
compmient  is  possible.  Using  CT  data,  engineers  are  able  to  obtain  infoimatimi  that  can  be 
applied  to  problem  solving  in  die  develtqmient  of  new  mataials  and  processes. 
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Table  2.2-1  indicates  that  CT  offers  trememkHis  technical  benefits  to  those  involved  in  emerging 
materials  and  processes  for  evaluation  of  the  condition  of  the  product  However,  there  are 
limitations  in  ^  type  of  objects  to  which  CT  can  be  applied.  Table  2.2-2  lists  some  of  the 
technical  limitations  of  CT.  In  general,  CT  is  a  volun^tric  measurement  technique,  so  any 
feature  to  be  detected  must  have  adequate  volume  to  be  sensed.  The  CT  system  sensitivity  ro 
feature  detail  is  a  function  of  the  design  of  the  system.  For  systems  desig^d  to  handle  Ivge 
parts  (>2S0  mm  (10  inches)),  the  inherent  resolution  is  often  in  the  range  of  1  to  2  Ip/mm  (0.5 
mm  to  0.25  mm  (0.02  to  0.01  inches)).  The  CT  system  will  detect  snudler  features,  such  as 
narrow  delaminations,  provided  there  is  sufficient  material  contrast,  although  the  delaminations 
may  not  be  resolved  (i.e.,  separated  from  a  close  neighboring  delamination).  As  the  part  to  be 
ins^ted  becomes  stnaller  in  size  (<  250  mm  (10  inches)),  the  CT  system  can  be  designed  to 
provide  greater  resolution,  typically  in  the  range  of  1/500  of  the  part  size.  Image  artifacts  can  be 
a  problem  with  product  desi^s  that  have  large  aa^t  ratio  (greater  than  15:1).  Because  of  this 
and  die  requirement  that  CT  have  access  to  360”  about  a  part,  CT  is  not  applicable  to  large, 
relatively  flat,  aircraft  structures.  Artifacts  in  some  high-aspect  ratio  parts  can  be  reduced  with 
the  use  of  a  bolus  material  which  fills  in  around  die  narrow  section  of  a  part  to  make  the  part 
appear  as  an  object  with  more  cross-sectional  area  than  it  actually  has.  CT  does  require  adequate 
si^al  strength  for  the  X-ray  measurements,  and  this  is  affected  by  the  X-ray  ener^/output,  scan 
time  and  part  material  combination.  For  large  objects,  getting  adequate  signal  requires 
expensive  capital  equipment. 
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Table  2.2-2  CT I  .imitations 


CT  Attribute 

Technical  Limitations 

Volumetric  Measurement 

Disbond  must  have  separation. 

Detail  Sensitivity 

Resolutimi 

Large  structures:  typically  0.5  mm  (0.02  inches) 
features  are  resolved,  smaller  high  contrast  features 
can  be  detected. 

Small  structures:  (<  250  mm  (10  inches))  typically 
resolves  1  to  2  parts  in  500. 

Density  Measurement 

Multiple  materials  must  differ  in  X-ray  linear 
coefficients  (density  and  atomic  nomlw)  for 
detection  (0.01%  are  typical  for  large,  >  Imn,  areas). 

Artifacts 

Large  aspect  ratios  cause  streak  artifacts. 

(>  15:1  is  difficult) 

Part  Handling 

Penetratitm 

X-ray  transmission  limited  by  size,  density, 
atomic  number  of  part  and  the  X-ray  energy 
available. 

Size/shape 

Access  to  360*  ^isound  part  is  required. 

2.3  Economic  Facttn^ 

A  primary  goal  of  emerging  aerospace  materials  and  processes  devek^ment  is  low-cost 
manufacture.  This  means  Aat  die  quality  inspection  will  be  built  into  the  process  or  the  process 
will  use  a  high-speed,  low-cost  NDE  method.  Present  CT  technology  is  too  cosdy  fOT  routine 
end-irem  inspection  (except  for  very  high  value  parts,  such  as  rocket  motors  and  nozzles). 
Therefore,  CT  is  primarily  applied  as  an  enabling  tool  for  the  develt^ment  of  the  new  materials 
and  jMocesses.  The  education  of  engineers  m  the  technical  benefits  of  CT  will  lead  to  the 
effective  utilization  of  CT  measurements,  with  real  economic  benefits  to  the  overall  product 
The  application  of  CT  is  driven  by  unknowns  in  the  new  material  and  processes  activities  which 
only  CT  measurements  can  adequately  provide. 
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Table  2.3-1  summarizes  die  economic  benefits  of  CT,  which  are  reduction  of  cycle  time, 
reductiim  of  risk,  and  increased  design  options.  The  exanmle  stories  of  using  CT  on  product 
development  activities  in  the  CTAD  program  have  identii^a  signifoant  boiefits  in  a  numhw 
cases.  Estimates  of  direct  cost  saving  for  emerging  material  and  process  activities,  however,  are 
unreliable  because  the  eccHiomic  factors  are  extremely  difficult  to  quantify  for  new  product 
developments.  Because  the  Table  2.3-1  benefits  are  very  difficult  to  quant^,  die  use  of 
example  stories  is  the  method  selected  to  provide  engineers  with  a  means  to  gauge  the  potential 
economic  value  of  CT  measurements  to  their  programs. 


Table  2.3-1  CT  Econtnnic  Benefits 


Global  dlontribution  of  CT 

Economic  Value 

Improves  information  on  part  quality 
and  process  effects 

Reduces  Develq)mrot  Hme 

Reduces  Risk 

Allows  measurements  in  complex 
structures 

Increases  Design  Optimts 

Based  on  the  experience  of  the  CTAD  stories,  it  is  possible  to  construct  a  ^neral  conoqparison  of 
CT  as  an  enabler  of  product  development  versus  iqiproaches  that  use  Optional  measurement 
techniques.  Figure  2.3-1  shows  graphically  how  CT  can  contribute  to  the  activi^  of  emerging 
material  and  process  development.  In  this  figw,  the  traditional  approach  requires  a  number 
iterations  (design,  prototyping,  evaluation,  testing,  redesign,  etc.)  for  the  development  team  to 
arrive  at  sufficient  information  to  establish  the  final  product  configuratitm  (i.e.  materials  and 
processes)  that  provides  the  desired  result  With  CT,  quantitative  noeasures  obtained 
nondestructively  for  features,  consolidation,  and  dimensions  within  the  product  are  available. 
This  easily  inteipreted  information  allows  informed  decisions  fcv  product/^process  changes  to 
rapidly  define  and  achieve  the  desired  final  ctHifiguration  and  quality.  The  number  of  iterations 
to  reach  the  necessary  information  level  required  for  final  piquet  definitiem  will  be  reduced. 
The  graph  of  Figure  2.3-1  shows  generalized  curves  for  the  relative  effects  of  using  CT  versus 
the  traditional  Oack  of  quantitative  nondestructive  data)  approach.  By  eiiq)loying  quantitative 
measurements,  the  overall  product  development  schedule  will  be  improv^  Tire  amount  of 
improvement  to  the  overall  process,  throu^  the  application  of  CT,  will  depend  on  the  specific 
product. 
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Information  Rec^irement  to  Reach 
Final  Product  Configuration 


Traditional 


Using  CT 


Figure  2.3-1  Diagram  showing  how  CT  measurements  can  cmitribute  to  the 
activity  of  emerging  material  and  process  develcqmient 
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3.0 


EXAMPLE  STOBIES 


The  CTAD  fnognun  showed  that  CT  can  be  cost  effectively  to  pnxliict  and  process 

development  for  organic  composites  and  advanced  materials.  Ine  mechanian  for  introducing 
indivufoals,  involv^  in  diese  rooeiging  materials  and  jnowsses  development  activities,  to  die 
benefits  of  CT,  was  through  exan^te  stories.  This  section  includes  exanqde  stories  on  adhesive 
bonds,  honeyctnnb  structure,  difficuU/coo^ilex  stnictures,  fiber  tows  and  windings,  and  material 
density/consolidation  measurements  not  previously  report  in  eariier  interim  rqxvts. 


3.1  Adhesive  Bonds 

Adhesive  bonding  offers  many  benefits  for  reducing  assembly  coats  and  inqxoving  structure 
designs.  Unfortunately,  no  suitable  NDE  technique,  including  CT,  exists  for  measuring  the  final 
bond  strength.  However,  CT  offers  measurements  of  physical  contact,  bondline  thickness, 
shape,  and  voiding  that  are  valuable  for  process  control  and  property  prediction. 


3.1.1  Multilayer  Bond 

A  particular  problem  in  bonded  structures  is  when  bonds  lie  on  multiple  layen  or  behind  shiqies 
that  make  ultrasonic  testing  (UT)  access  and  interpretation  difficult  An  example  is  a  bond  <xi  a 
conically  shtqied  composite  part,  selected  from  an  existing  Boeing  development  program.  The 
structure  has  two  adhesive  bonds,  one  between  the  conictd  structure  and  a  qiacer  block,  and  a 
second  between  the  space  block  and  the  attachment  block.  Ultrasonic  examination  is  very 
difficult  because  of  the  unusual  shape  of  the  spacer,  and,  although  access  is  possible  for  smne 
regions  of  the  bonds  through  the  attachment  block,  the  bond  for  the  ccMie  btxid  to  spacer  block  is 
inhibited  by  the  presence  of  the  spacer  to  attachnient  block  bond.  CT  scans  were  made  across 
the  circular  cross  section  of  the  structure  (the  cone  inner  diameter  is  approximately  180  mm  p 
inches)),  revealing  the  bond  assembly  and  presence  of  disbonds.  A  typical  slice  is  shown  in 
Figure  3.1. 1-1.  llie  disbonds  are  evi&nt  between  the  cone  and  the  space  block  cm  the  ri^t,  and 
also  between  the  spacer  and  attachment  block.  Hgpe  3.1. 1-2  shows  an  enlargement  of  one  side 
of  the  structure  where  disbonds  are  present.  In  tins  figure,  a  system  of  cotn^ates  on  the  part 
was  defined  in  order  to  prevent  the  ambiguity  often  presented  by  non-part-specific  comdinates. 
The  dark  dots  at  several  locations  in  the  bonds  in  Hgure  3.1. 1-2  are  spacer  wires.  Because  of  the 
two  disbonds,  it  is  not  possible  to  successfully  evaluate  the  cone-to-spacer-block  bond  extent 
widi  normal  UT  methods  when  the  only  access  is  at  the  attachment  block.  CT  also  allows  each 
bond  to  be  evaluated  individually  over  the  length  of  the  bond  by  taking  successive  CT  slices  and 
reconstructing  the  data  in  a  plane  perpendicular  to  the  original  CT  slice  plane.  The  larger  of  die 
disbonds  was  studied  in  deu^  in  this  manner. 
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Figure  3. 1 . 1  - 1  CT  image  of  bonds. 


Figure  3. 1.1-2  Enlarged  area  of  interest  from  CT  image  of  bonds. 
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The  data  firam  diis  CT  slice  can  be  piesented  in  a  cylindrical  (radius  and  dieta)  cocndinaie  sys^ 
noapp^  onto  rectangular  axn,  as  shown  in  Hgine  3.1.1-3.  The  data  is  distQfted  in  die  r  (radius) 
dir^on  due  to  die  magnification  in  dutt  diiection  and  "warping"  ci  die  inside  wall  oi  the  cone 
when  nuqyped  onto  the  rectangular  axis.  The  grayscale  threstolds  were  set  to  naake  densities  less 
than  that  of  die  cooqiosite  material  (e.g.,  air)  appear  white  and  those  greater  to  ajqiear  black. 
Tte  disbond  is  seen  as  the  white  area  on  the  Im  hand  portion  d  the  figure,  in  die  attachment 
region.  The  dark  vertical  lines  in  the  gray  area  oi  the  figure  are  the  wires  whose  cross-secdons 
have  been  "warped"  into  lines.  Figures  3.1. 1-2  and  3.1. 1-3  indicate  that  die  width  oi  the  disbmd 
in  the  radial  dir^on  is  roughly  equal  to  the  diameter  of  the  inserted  wires. 


Hgure  3.1.1-3  Cylindrical  coordinate  presentation  of  the  CT  slice  data. 


A  series  of  22  slices  was  taken  at  2-tnm  intervals  altmg  the  axis  of  the  conical  structure  to  create 
a  volume  data  set  The  data  from  these  contiguous  slices  woe  processed  to  produce  a  "rrutp"  of 
the  disbond  in  the  vertical  (z)  and  angular  (theta)  plane.  By  plotting  the  minimum  thrwgh- 
thickness  density  for  this  plane  from  the  volume  CT  data  set  the  disbor^  area  will  appear  in  the 
image  as  a  fruition  of  angle  and  vertical  height  The  minimum  CT  density  in  the  radial 
din^on  over  the  region  of  the  bond  is  the  disbond,  i.e.,  the  air  in  the  disbond  is  seen  as  low 
density  with  CT.  The  plot  is  shown  in  Figure  3.1.1-4.  This  presentation  of  the  conqiosite  data 
firom  all  erf  the  slices  is  essentially  a  map  of  the  disbond  and  can  be  used  to  directly  determine  its 
area. 


11 


Hgine  3.1.1-4  Mi^)  (rf  die  disbond  from  a  of  22  oontigiioiu  Cr  iKces. 


Thiit  i«  a  good  eMmplc  of  how  CT  icmows  ambignity  from  an  odiCTwife  confaring  ritBidon.  In 
addition  to  positively  di^guisbuig  between  flaws,  detailed  evaluation  ^  sdected  flaws  is  still 
routinely  addevable.  In  addition,  data  redaction  processes  sudi  as  dus  are  easily  automated 
roabling  routine  equation  without  agnificant  added  labor  costs. 


3.1J2  Tedmque  Dev«lo|»ieat  for  Boodiiig  Oompocie  Subitnictiire 

Adhesive  boodiiig  of  substructure  to  skiiis  in  aircraft/aenMpace  implications  geaeiaUy  requires 
an  autoclave  in  order  to  provide  die  tempenuure  and  ptesnire  necessary  for  the  cunng  a  the 
U^straigA  adhesive.  This  lequirnnent  places  access  coostra^  on  die  program 
manufacturing  die  structi^  and  size  and  coofi|uration  limitations  on  coocqxs  utiUzed  in  the 
dmi^  Auto^ve  usage  is  also  cosdy,  and  mulnple  cycles  are  citta  lequiied  to  build  iqi  all  but 
the  sinmlest  of  structures.  Vacuum  bagging  of  cmmxMite  structures  to  allow  for  ply  compactun 
or  bcmdline  pressure  can  also  limit  the  design  and  be  very  time  consuming.  Adhesive  b(»ding 
methods  which  eliminate  the  need  for  bagging  a^  the  autoclave  will  all^  a  great  deal  more 
desim  and  manufacturing  freedom  than  is  currendy  available.  A  technique  for  adhesively 
bmi^g  previously  cured  spars  and  skins  without  the  use  of  vacuum  bagging  or  die  autoclave 
emplo^  CT  to  assist  in  the  testing  and  analysis  of  btmding  spars  to  pud  sections  using  a 
qNMdail^  designed  jig.  CT  enabled  pro^ssive  inqirovement  in  die  bcm^g  mediod  for  each 
successive  bom  trial  by  providing  1^  information  about  the  bonds,  such  as  bondline  width, 
contact,  and  porosity.  Tensile  pull-on  tests  were  performed  on  sections  cut  from  the  spar/skin 
combinations  at  CT  slice  locations.  The  results  showed  that  a  consistent,  uniform  bond  could  be 
made  with  this  method. 

Figure  3.1.2-1  is  a  photognqib  of  a  bonded  T-spar-to-sldn  section.  The  pg,  constructed  for 
demcnstrating  out-of-autoclave  bonding  is  designra  to  allow  adhesive  bomfoig  of  tiS-mm-wide 
composite  T*  spars  to  2S0-mm-wide  s^  sectitns. 


Hgure  3.1.2-1  Photograph  of  bonding  jig. 
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Four  bond  trials  were  plam^  and  run  as  part  of  a  test  inogiam.  Each  teA  was  evaluated  for 
technique  and  ^  btmd  qu^ty  produced,  as  measured  by  nondestructive  and  destructive  teAing. 
Ultrasmic  testing,  destructive  sectuming,  ami  tensile  puU  tests  were  done  after  aU  ^  spn/ddns 
were  bonded,  but  die  X-ray  CT  evaluation  was  performed  after  each  bond  test  so  diat  changes  in 
dre  technique  could  be  made  for  the  subsequent  test  CT  "slices"  were  miwtn  every  75  mm  (3 
inches)  along  the  s^ars.  Tensile  specimens,  ISO  mm  (6  inches)  long,  were  cut  at  every  other  CT 
slice  locadtHi,  providing  a  cotrelatitHi  of  CT  measurement  (at  each  edre  and  in  die  middle)  with 
tensile  strength  once  the  specimens  were  pulled.  The  four  b(Hul  ttuds  rqxesent  a  history  of 
evaluatimi  and  analysis  wlwh  demcmstrat^  progressive  inqirovement  from  die  first  set  to  die 
last 

The  fhrst  bond  trial  used  SO-psi  pressure  and  a  single  sheet  of  adhesive,  nominally  0.2  mm  (0.008 
inches)  thick.  The  niar/sl^  configuradtHi  was  examined  carefully.  CT  evaluati<»  cleaily 
showed  there  were  large  unbond  areas  correspmiding  primarily  to  die  locations  ^ 
thermocoiqile  wires.  Figure  3.1.2-2  is  a  CT  slice  talren  puallel  to  a  thermocouple  wire,  showing 
die  unbond  where  the  thermocouple  did  not  allow  the  spar  to  lay  conqilredy  flat  (die 
thermocouple  is  not  visible  in  the  CT  ima^).  The  white  dots  in  the  CT  image  are  croas  sections 
of  the  barium  doped  tows  in  the  compoate  fedmcaticm,  used  for  verification  of  tow  alignment 
with  radiognphy. 


Figure  3.1.2-2  Example  CT  image  fitnn  trial  1  showing  poor  bonding. 


For  the  second  trial  the  adhesive  layer  was  doubted.  Small  grooves  were  cut  into  the  seomd  spar 
at  the  adhesive  interface  which  deoeased,  but  did  not  eliminate  the  britteing  of  die  roar  over  die 
ttermocoupte  wire.  The  bridging  and  lack  of  bonding  woe  mote  isou^L  A  "gtitch"  in  the 
tempemure  controller  caused  overheating  of  the  bondline.  An  obvious  "browning"  of  die 
adh^ive  was  obsoved  by  visual  inspection  of  the  ed^  of  the  bcMid.  CT  analysis  of  d&  secmid 
spar/skin  ctHtfiguratUni  revealed  (tisbonding  of  the  sldn  at  various  plies  due  to  thermal 
breakdown  of  the  conposite.  It  also  showed  various  areas  where  good  bonding  was  not 
achieved.  Figure  3.1.2-3  is  an  exanple  of  a  CT  image  which  indicated  th^  features. 
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Ply  Adhesive 

disbonds  unbond 


Figure  3. 1.2-3  Example  CT  image  from  trial  2  showing  unbonds  and  ply 
disbonds. 


For  the  third  bond  trial,  the  controlling  thermocouple  was  embedded  in  the  bondline  at  the 
extreme  end  of  the  spar,  and  the  thermocouple  in  the  center  of  the  spar  was  placed  on  top  of  the 
flange  rather  than  in  the  bondline.  This  eliminated  any  potential  bridging  of  the  spar  due  to 
thermocouple  wires  in  the  central  section  of  the  spar.  The  CT  results  indicated  a  good  contact 
along  the  tondline.  An  example  is  Figure  3. 1.2-4. 


Figure  3. 1.2-4  Example  CT  image  from  trial  3  showing  no  unbonds. 


The  fourth  bond  trial  was  mn  with  a  single  adhesive  film,  nominally  0.2  mm  (0.008  inches) 
thick,  and  an  increase  in  air  pressure  in  the  elastomeric  (65  psi).  The  purpose  of  these  changes 
was  to  determine  if  a  good  bond  could  be  made  with  less  adhesive  but  more  pressure.  The  CT 
results  indicated  a  good  contact  all  along  the  entire  length  of  the  bondline.  However,  a  dry  ply 
indication  was  identified  along  most  of  Ae  length  of  the  spar  on  one  side  of  the  flange  which  can 
be  seen  in  the  CT  image  of  Figure  3. 1.2-5. 
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Figure  3. 1.2-5  Example  CT  image  from  trial  4  showing  dry  ply  regicm  but  no  unbonds. 


Once  the  bond  trials  were  completed,  ultrasonic  inspection  of  the  bondlines  was  conducted  for 
the  four  spar/sldn  elements.  Like  the  CT  results,  the  UT  data  indicated  a  progressive 
improvement  in  the  bond  quality  of  the  sair^les  from  1  to  4.  Unlike  CT,  however,  UT  data 
did  not  provide  any  clear  information  as  to  why  the  differences  occurred.  The  pulse  echo 
ultrasonic  C-scan  images  of  the  four  elements  are  shown  in  Figure  3.1.2-6.  The  dark  areas 
represent  ultrasonic  signal  reflected  fix)m  the  bondline  and  indicate  a  good  bond.  Saiiq)le  1  has  a 
^dom  pattern  of  disbonds  and  exhibits  the  least  consistent  bondline  of  the  four.  Saiiq)le  2  has 
indications  of  bondline  voids  and  unbonds,  especially  on  the  side  with  the  thermocouple  wires. 
Samples  3  and  4  show  a  dramadc  increase  in  the  good  bondline  area. 


Trial 

1 


Trial 

2 


Trial 

4 


Figure  3. 1.2-6  UT  Pulse  echo  C-scans  of  the  bond  area  for  trials  1-4,  taken  at 
2.25  MHz  from  the  flange  side  of  the  bond  Dark  areas  represent 
regions  where  the  ultrasonic  path  is  maintained  across  the  bond 
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The  UT  results  pointed  to  the  same  general  conclusions  about  the  bond  quality  of  each  saiiq)le. 
UT  was  helpful  in  providing  information  within  the  bond  plane  (percent  good  btHid).  However, 
unlike  CT,  UT  could  not  provide  the  cross-secticmal  information  on  the  bondline  which  showed 
why  a  bond  was  poor  (lack  of  spar/sldn  contact,  spar  warpage,  separation  due  to  thermocouple 
placement,  too  little  adhesive,  etc.).  CT  provided  the  type  of  informaticMi  that  could  drive  the 
decision  making  pnxess.  After  examining  the  CT  data  on  one  of  the  bond  test  elements,  an 
engineer  on  the  program  commented  that  UT  was  not  really  necessary  [during  technique 
development]  because  CT  could  tell  him  what  he  needed  to  know  for  process  decisions.  UT  was 
then  used  as  a  supplement  after  the  bonding  tests  were  completed. 

All  four  spar/skin  were  cut  into  6-inch  sections  for  the  purpose  of  tensile  pull-off  tests.  The 
sectioning  was  done  with  a  diamond  grit-coated  band  saw  at  locadtms  where  the  CT  slices  had 
been  taken.  Visual  inspection  of  the  edges  of  the  individual  sections  verified  the  CT  results  and 
interpretation  for  each  spar.  Pull-off  tests  were  conducted  using  an  MTS  850  material  testing 
system.  The  primary  goal  of  these  tests  was  to  establish  that  a  consistent  b<md  along  the  length 
of  the  spsr  could  be  m^  with  the  bond  jig.  Also,  the  testing  was  to  provide  some  ctnreladon 
of  bond  strength  to  the  bonding  parameters  chosen  during  each  test 

The  pull-off  results  reflected  the  progressive  improvement  of  the  bonding  technique  fn»n  trial  1 
to  trial  3  that  was  indicated  by  the  CT  analysis.  Trial  4  contained  dry  plys  which  caused  the  part 
to  fail  before  the  bondline  failed.  Figure  3. 1.2-7  is  a  graph  of  the  average  puU-off  strength 
versus  test  number  for  three  of  the  four  spar/skin  tests.  This  gr^h  illustrates  that  the  out-of- 
autoclave  bonding  process  can  be  controlled  and  improved.  This  result  was  predicted  based 
upon  the  CT  data. 
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Figure  3. 1.2-7  Average  pull  off  strength  versus  trial  number. 


The  results  of  this  effort  indicated  that  an  out-of-autoclave  bonding  scheme  for  bonding 
composite  aircraft  structure  is  feasible.  CT  demonstrated  its  usefulness  in  both  systematically 
establishing  and  evaluating  the  bonding  process.  With  CT,  a  good  bonding  practice  could  be 
developed  and  the  bond  itself  could  be  evaluated  accurately  and  quantitatively.  CT  saved  both 
tinte  and  money,  though  the  nature  of  the  savings  makes  it  chfficult  to  quantify. 
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3.1.3 


Core  to  Internal  Facesheet 


It  is  often  quite  difficult  to  successfully  detect  defects  on  the  interior  wall  oi  thick-walled 
honeyctmib  structures  using  nonnal  NDE  methods  because  the  interior  wall  is  inaccessible  or  ^ 
honeycomb  is  too  dispersive  for  modalities  such  as  ultrasonics.  If  die  structure  is  of  a  suitable 
size  for  mounting  cm  a  CT  system,  it  is  possible  to  use  CT  to  evaluate  features  ^  the  interna! 
bond  surface.  Figure  3.1.3-1  shows  a  photognqih  of  a  section  of  a  hcmeycomb  conqiosite 
enclosure.  The  enclosure  itself  is  curved,  as  is  shown  in  the  figure,  and  is  slighdy  more  than  50 
mm  (2  inches)  thick.  On  the  photograph  a  disbond  is  indicant  whose  extent  has  been  mapped 
thermographicaUy. 


Figure  3. 1.3-1  Photograph  of  a  test  section  of  a  honeycomb  composite  enclosure. 


CT  scans  of  the  defect  were  taken  in  two  mutually  perpendicular  planes,  each  normal  to  the 
surface  underwhich  the  disbond  exists.  If  the  entire  enclosure  were  present,  rather  than  just  a 
section,  the  CT  slices  could  have  been  made  in  precisely  the  same  way,  provided  the  scanner  and 
part  size  woe  matched.  Figure  3.1.3-2  is  a  CT  slice  t^n  below  the  edge  in  the  foregroimd  of 
the  photo^ph.  The  slice  indicates  the  disbond,  as  well  as  foaming  adhesive  in  the  ttqi  of  die 
vertical  void  and  some  filler  material  in  the  bottom  of  the  void. 
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Figure  3.1.3-3  is  a  CT  slice  taken  through  the  curved  section  peipendicular  to  the  CT  slice  in 
Figure  3.1.3-2.  From  this  slice  it  is  easy  to  see  that  the  disbond  extends  more  than  halfway 
across  the  section;  wherras,  thermographic  mapping  indicated  an  extent  of  less  tiian  one  quarter 
of  the  way  across.  This  information  can  be  critically  important  to  the  successful  development  of 
processing  techniques  and  monitoring  measurement  results  from  alternative  method. 


Foaming 

adhesive  Disbond 


Figure  3.1.3-3  CT  slice  taken  perpendicular  to  the  Hgure  3.1.3-2  image. 
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Honeycood)  Stractme 


I&oeyoomb  oflbts  advantages  in  the  mannfiKtiBe  of  li^ttwei(^  hUb-atreogdi  sinictnins.  The 
development  of  lane  honeycomb  structures  requires  tbc  defimtion  a^  ooaiiol  of  die 
manufacturing  assembly  and  bonding  variations  diat  can  occur. 


3.2.1  Honeycomb  Core  ConqiositBS  Mtii  Intenud  Sqptum 

Because  of  dieir  high  strength-to-weight  ratio,  honeycomb  structures  have  advantages  fior 
performance  over  tra^tional  smictures.  But,  diey  can  be  difBcult  to  inqjiect  for  imemal  bond 
condituxis,  particularly  at  internal  septa.  Sev^  such  oonqiosites  were  examined  with  CTunder 
the  CTAD  task  assignments. 

One  exanqile  is  a  leading  edge  made  fmn  a  nomex  honeycomb  core  bonded  to  a  fiberglass  sldn. 
The  core  ctmtains  sev^  mtemal  aqita,  including  one  widi  a  capoa  1x3^,  to  which  the 
h(»eyc(xnb  material  is  bonded.  A  section  of  diis  leading  edge  is  mown  in  Rgure  3.2.1-1, 
illustrating  the  conqi^te  sldn,  honeycomb  core  and  the  various  septa.  The  section  includes  a 
hole  noro^  to  its  axis.  The  complexity  of  the  geometries,  as  well  as  die  number  of  difEnent 
materials,  limits  the  applicability  (n  traditional  NDl  methods  such  as  UT  or  ET. 


Figure  3.2.1-1  Photogrtph  of  a  section  of  a  leading  edge. 


Several  CT  slices  of  the  section  were  taken  to  evaluate  die  quality  of  the  adhesive  bond  between 
the  septa  and  the  Imne^^comb  material,  and  to  check  for  intet^  damage  to  die  honeycomb 
material  itself.  One  slice,  whose  image  was  displayed  for  two  dififerm  values  of  dmisity 
window  width  and  denaty  window  level,  revealed  us^iil  information  regarding  bodi  m 
adhesive  bond  and  the  hcmeycomb  amdition.  As  shown  in  Hgiro  3.2.1-2,  die  Knding  is 
uniform  (m  die  interface  between  die  septa  and  die  honeycomb  matoriaL  Decreiaing  tte  den^- 
window  width  and  level  revealed  core  damage  to  the  interior  of  Ae  honeycomb,  in  the  tnangnly 
regum  bminded  by  die  septa  and  die  conposite  stifEener.  This  is  shown  in  3.Z  1-3.  The 
black  horizontal  streak  running  near  the  ipper  surface  is  an  image  artifact,  and  not  indicative 
any  condititm  of  die  material. 
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aeycomb  core  coii^)Ofite  with  mteniai  sg)ta  u 
fibeiglass^poxy  skin.  A  jdxjtograph  of  diis  ladier  large  cooqxMirat 
sly  2.4  X  0.9  X  0.6  m  ^  X  35  X  24  inches)  is  mo^  in  Hgore  3J2.1-4.  The  trailing 
made  from  sevm«l  honeycomb  aectitns,  cut  at  angles  to  one  anodicr,  and  bonded 
together  with  a  foaming  adhesive.  A  good  bond  betweoi  cores,  with  minimal  qxeading  of  die 
aobesive,  is  inqiortant  at  these  locations.  An  intnnal  septum  idong  die  kngdi  was  formed  by 
bcmding  two  halves  tt^ther.  This  was  done  by  placing  a  layer  of  pnpng  ctodi  between  layers 
of  film  adhesive  bonded  to  each  half. 


Figure  3.2. 1-4  Photograph  of  a  honeycmnb  trailing  edge. 


When  a  small  vacuum  is  pulled  on  die  part  to  assist  sldn-to-core  braiding,  die  core  tends  to 
compress.  This  compression  can  form  small  delaminations  along  diis  braid  because  the  prepreg 
does  not  contract,  but  rather  tends  to  wrinkle.  CT  was  used  to  evaluate  this  bondline,  which  was 
not  inspectable  any  other  way.  CT  slices  were  taken  through  the  trailing  e(^  at  several 
locations  along  its  length.  The  results  of  die  CT  scanning  indicated  that  some  wrinkling  of  the 
prepreg  occurred  at  £e  internal  septum,  producing  snudl  delaminations  at  various  locations 
along  die  booidiine.  Figure  3.2.1-S  is  an  example  (tf  rate  of  the  scans  and  Hgure  3.2-1-6  is  an 
enlargement  of  the  bond  line.  The  slight  wrinkles  along  the  sqitum  are  barely  imaged.  Because 
of  the  small  size  of  the  delanunadons,  a  calibratirai  standard  with  known  defects  would  be 
necessary  in  order  to  actually  quantify  the  reladve  amount  of  delaminadrai  across  tire  entire 
brax^e.  Also  sei^n  hi  the  image  is  the  bond  between  two  sections  made  with  foaming  adhesive, 
and  the  facesheet-cors  bond,  which  involved  the  braiding  of  both  a  fUm  and  foaming  adhesive  to 
dre  facesheet  and  core  respectively  before  they  were  bonded  together.  CT  was  able  to  demrmine 
that  drese  braids  were  prcqrerly  formed  along  the  length  of  the  conqxisite.  Figure  32-1-1  is  a  CT 
image  at  anothra  location  that  is  enlar^  to  maximize  tire  detail  at  the  bond  Im. 


22 


Figure  3.2. 1-7  CT  image  showing  variations  along  bond  line. 


These  examples  illustrate  the  effectiveness  of  CT  for  use  in  evaluating  the  internal  configimtion 
of  complex  honeycomb  core  composites,  which  cannot  be  adequately  inspected  by  tr^tional 
nondestructive  metlKxls.  The  data  can  be  used  by  engineers  to  evaluate  noodifications  to  the 
mamffacturing  process.  CT  should  be  an  important  tool  for  the  development  of  new  honeycomb 
structures. 


3.2.2  Water  Presence  in  Honeycomb  Panels 

During  the  manufacture  of  honeyctxnb  panels,  it  is  possible,  as  part  of  the  process  or  in  various 
handling  steps,  to  have  water  enter  and  remain  in  Ae  honeycomb.  An  exi^le  is  the  large 
graphite  panel,  approximately  2.2  m  ( 86  inches)  tall  by  360  mm  (14  inches)  wide  by  20  mm  (0.8 
inches)  thick,  shown  mounted  on  a  medium  resolution  CT  system  in  Figure  3.2.2-1.  While 
radiography  can  show  ^  water  is  located  in  the  panel,  the  radiograph  can  not  tell  how  the  water 
lies  in  the  honeycomb  cell.  A  CT  image,  like  Hgure  3.22-2,  shows  the  distribution  of  water  in 
the  cell  Water  is  detected  in  three  cells,  but  can  be  on  either  side  of  the  structure.  CT  slices  can 
be  taken  at  locations  of  water  presence,  detected  by  digital  radiography  on  the  CT  system, 
throughout  the  structure  to  measure  the  amount  of  water  in  die  cell. 
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Hgme  3.21*1  PhototnyhofloaghoQeyoombpMdmnuniedonaCTisriiBm. 


Figore  311-2  CT  image  slKming  water  disiribiition  in  die  hooeyooiiibtinictiiie. 


An  analyiis  of  die  eCGsct  qf  die  water  wai  perfonned  on  test  panels,  using  CT  as  a  tool  to 
measmc  the  amount  of  water  and  mowment  of  die  water  as  a  letiut  of  cnviroimenial  tests.  Two 
test  pands,  400  X  360  mm  (16  X 14  indies)  in  siae,  were  fabricated  widutomexhon^oomb  cone 
md  grq^iie  having  a  total  thickness  of  about  20  mm  (^8  incfaes).  One  pond 

contaiiied  oi^  die  residod  water  that  occuired  in  manufacturing,  aiki  die  second  panel  was 
puiposely  iiyecied  with  known  amounts  of  water. 
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Digital  ndiogn^ihs  G>iU)  woe  made  10  dMenmne  dae  kjcatioo  of  waier.  Then.  CT  acaas  weie 
ua^  to  detenniiie  tte  dinributioo  of  the  water  in  die  plane  normal  to  die  radiogi^ihy  and  to 
«amine  the  condition  of  die  hoomroomb  material  and  die  bootfline  at  the  inteiftoe  between  the 
panel  faoesheets  and  the  core.  Tte  panda  were  acanned  prior  to.  midway  daougb*  end  after 
thermal  cycling. 

The  first  aeries  of  DRs  were  taken  with  die  panels  mounted  in  a  vertical  plane  to  determine  die 
locations  where  water  was  jnesent  These  DRs  revealed  that  essentially  no  change  in  die  water 
content  of  panel  1  occoned  as  a  result  of  die  dietmal  cycling.  FOr  pand  2,  however,  there  was  a 
different  story.  A  DR  of  panel  2,  taken  before  thermd  cycling,  is  shown  in  I^rere  3.2.2*3.  Cdls 
containing  any  significant  amount  of  water  are  easy  to  derect  in  diis  figure.  Hguies  3.2.2-4  and 
3J2.2-S  ate  DRs  of  die  same  panel  takmi  midway  throu^  and  am  die  dietmd  cycling, 
respectively.  It  is  clear  diat  the  water  in  column  2,  row  4,  am  colunm  4,  row  3,  is  migtating  as 
die  pand  experiences  thermd  cycling. 


Row  1 


Row  2 


Row  3 


Row  4 


Hgure  3.2.2-3  DR  image  showing  water  distribution  in  test  pand  prior  to 
enr'rcMimental  cycling. 
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Row  1 


Row  2 


Row  3 


Row  4 


Figure  3.2^5  DR  image  showing  water  distribution  in  test  pand  after 
raviroomratal  cy^g. 
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A  series  of  CT  slices  were  taken  with  the  panels  nsounted  in  the  horizontal  pmition  to  quantify 
the  amount  of  water  in  the  panels  by  obtaining  a  volume  data  set.  By  orienting  the  panels 
horiztmtally,  the  numbor  of  CT  slices  to  cover  the  20-mm-thick  panel  is  minimized.  These  slices 
were  taken  both  before  and  after  the  thermal  cycling.  The  data  was  processed  to  threshold  the 
water  in  each  CT  slice,  creating  contours  which  define  the  location  of  the  water.  The  area  of  the 
image  contours  was  calculated  for  each  slice.  Since  the  number  of  slices  and  their  spacing  are 
known,  the  total  volume  of  water  can  be  calculated.  The  CT  slices  taken  near  the  top  and  bottom 
of  the  series  were  partially  volumed  by  the  panel  sheets  and  the  adhesive  of  the  hcmeycomb.  For 
panel  2,  the  volume  a(  water  was  determined  to  be  4.8  cm^  pre-  and  4.4  cm^  post-environmental 
test  The  pretest  value  was  very  close  to  the  estimate  of  the  injected  quantity  of  water.  Because 
the  water  was  migrating  under  the  environmental  test  stxne  of  the  water  ended  up  in  cells  at 
such  a  low  level  that  it  was  impossible  to  distinguish  frcHn  the  interference  witii  the  adhesive 
layer  bonding  the  honeycomb  to  the  panel  substrate,  resulting  in  a  lower  volume  measurement  in 
the  postcon^tion.  Figures  3.2.2-6  ami  3.2.2-7  are  slices  taken  in  panel  2  in  the  pre-  and  post- 
con&titms,  respectively.  Figure  3.2.2-6  is  a  slice  taken  at  approximately  l.S  tarn  (0.06  inches) 
above  the  bottom  of  die  panel,  and  Figure  3.2.2-7  is  a  slice  taken  at  approximately  2  mm  (0.08 
inches)  above  the  bottom.  It  is  again  easy  to  see  the  net  migration  of  tire  water. 


Row  1 

Row  2 
Row  3 
Row  4 

Row  5 


Figure  3.2.2-6  CJT  image  of  panel  2  showing  water  distribution  in  cells  at  l.S  mm 
(0.06  inches)  itix)ve  the  bottom  preenvironmental  cycling  test 
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HgiireS^-/  CT  image  Of  pand  2  showing  water  dutribotioa  in  edit  at  2  mm 
(0.08  inches)  above  Ae  boctom  postoaviromnentd  cyding  teat 

The  observed  migratioa  in  pand  2  could  possibly  be  attrilNited  to  a  leak  caused  by  die  drilling 
pto(^  used  to  inject  water  for  die  diennd  cychng  test  A  CT  slice  taken  with  «md  2  in  die 
vertied  position  qi^em  in  Hgme  3.2.2-8.  It  indicBtes  a  damaged  ceO,  udndi  is  in  the  column 
4,  row  3  water  containing  ceU  duster  of  Hguie  3.22-7. 


In  aMtion  to  quantifying  the  amount  of  water  in  the  panels  and  showing  how  ^  water  is 
redistributed  as  a  result  of  thermal  cycling,  CT  made  it  possible  to  insp^  the  condition  of  die 
honeycomb  cell  walls  and  the  face  sheet/core  bondline.  The  ccne  c(»dition  was  goierally  very 
good,  with  the  possible  exception  of  drill  damage,  and  there  were  no  disbcmds  along  dw 
bondline.  This  i^ormadon  allowed  engineering  to  make  qipropriate  recommendations  for  the 
disposition  of  panels.  No  other  nondestructive  inspection  method  could  have  {Hovided  the 
quantitative  information  on  the  volume  of  internal  free  water  trapped  in  die  honeyccmib  cote. 
Without  CT,  destructive  testing  would  have  been  required  for  the  water  volume  determii^txL 
Tliis  would  have  required  more  samples  and  there  would  have  been  a  much  grei^  risk  of 
misiinrierstanding  because  measurements  could  not  be  made  pre-,  mid-  and  post-environmental 
testing  on  dw  same  panel.  For  a  test  program,  CT  can  provide  considoable  savings  in  ^ 
niimhCT  of  samples  by  providing  better  measurements  on  fewer  sanqiles  than  alternative 
^iproaches  require. 


3.2.3  Honeycomb  Panel  with  Internal  Features 

Honeycomb  structures  will  often  be  inspected  by  large  area  NDI  techniques.  Test  specimens 
must  be  fabricated  to  establish  the  sensitivity  of  the  1^1  method.  CT  can  provide  information 
on  ^  test  specimens  to  show  that  they  are  fabricated  cotrecdy,  with  suitable  features  for  d» 
NDI  evaluaaon.  A  photograph  of  a  test  panel  is  shown  in  Hgure  3J2.3-1.  The  panel  is 
tqiproximately  600  mm  (24  mches)  square  ai^  50  mm  (2  inches)  duck.  Die  aluminum  core  has 
secticms  of  three  different  densities  and  is  con^prised  of  sectitms  of  two  differing  ducknes^. 
The  panel  contains  a  number  of  features  intenticMially  engineered  into  the  honeyamib  interior, 
allowing  it  to  be  used  as  a  standard  for  thermogr^hic  NDL  These  features  include  dqnessi^ 
maf!hin<»d  into  both  of  the  surfaces  of  the  aluminum  core,  crushed  portions  of  core  material, 
various  types  of  adhesives  between  the  core  and  the  panel  sl^,  and  sevoal  repair  regimis. 


Figure  3.2.3- 1  Photograph  of  a  composite  test  panel. 
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Ihe  ildnt  of  the  panel  were  fabricated  widi  some  areas  having  a  dififarem  number  of  ^lies  thn 
others.  All  told,  diere  were  areas  of  3, 9, 13,  r  i  36  plies  on  one  sldn,  and  4,  and  10  idles  on  the 
other.  Ooc  of  ^  composite  sldns  was  cured  tnst,  and  dien  bonded  to  the  alumimim  honeycomb 
core,  and  die  odier  was  laid  up  (m  top  of  the  core  and  dien  cured. 

Hve  different  CT  slices  of  die  panel  were  talcm.  The  object  of  die  various  slices  was  to  confirm 
the  extent  and  distribudm  of  loaming  adhesives,  the  centum  oi  other  types  ai  adhmives,  the 
porosity  of  the  composite  sldns,  and  the  general  conditi(»  oi  the  features  inside  die  pand. 

An  image  of  one  CT  slice  is  shown  in  Figure  32.3-2.  The  upper  skin  in  diis  figure  contains  a 
portum  of  36  plies  on  die  left-hand  end.  In  rou^y  the  center  of  die  iqipo  sldn,  there  is  a  pocket 
machined  into  the  honeycomb  core.  An  adhesive  layer  is  seen  to  be  sagging  slighdy  into  dus 
laya.  The  core  itself  is  least  dense,  0.24  g/an^  (3.1  Ib^^)  over  die  left  hand  two  diirds,  dimi  a 
seedem  which  is  more  dense,  0.47  g/cm^  (6.1  Ib/ft^  owx  iqrorexiinately  the  next  sixdi,  and 
finally  a  section  which  is  much  more  dmise,  1.7  |/cm^(22.1  Ibm^  of  die  same  width  appears  on 
the  right  The  medium  densi^  section  is  slight  less  thick,  as  can  be  evidenced  observing 
the  dqnession  in  the  uj^  skm  covering  that  portion  oi  die  pmeL  The  vppa  sldn  was  bud 
and  cined  on  die  core.  At  four  places  alcxig  the  bottom,  just  above  the  sldn,  foaming  adhesive  is 
seen.  This  adhesive  was  introthiced  into  four  "pockets"  machined  into  die  lower  surface  of  die 
various  sectkms  of  the  core. 


Figure  3.2.3-2  CT  image  of  panel. 


Figure  3.2.3-3  is  an  image  of  a  slice  taken  parallel  to  that  of  Figure  3.2.3-2,  but  closer  to  the  edge 
of  the  panel  section.  The  three  different  core  densities  are  again  displayed,  along  with  sevem 
other  important  features.  Along  the  upper  interface  between  &e  core  and  the  sldn  there  are  two 
instances  where  sections  of  the  skin  have  "sagged"  into  "poclrets”  machined  into  the  uppo* 
surface  of  the  core.  These  are  at  the  extreme  left,  and  again  in  approximately  the  cent^  of  the 
figure.  At  the  left  end  of  the  figure,  the  36-ply-thick  upper  skin  is  seen  to  taper  down  to  die  13 
plies  proceeding  from  left  to  right  along  the  top  of  the  panel.  This  section  also  contains  smne 
porosity.  Also,  on  the  bottom  left  side,  diere  is  a  10-ply  section  that  goes  somewhat  further  than 
the  36-ply  section  on  the  t(^;  but  this  section  comes  to  an  abrupt  e^e,  beemning  4  ply  as  pa 
design.  Just  above  this  section,  there  is  some  noticeable  adhesive. 
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ukixi. 


Figiirc  3.2.3-4  is  an  image  of  another  CT  slice  taken  about  75  mm  (3  inches)  away  from  the  CT 
sUce  shown  in  Figure  3.2.3-2,  but  skewed  slightly  relative  to  the  panel  edge.  This  figure  shows 
nine  "pockets"  machined  into  the  upper  surface  of  the  various  honeycomb  sections.  The 
dimensions  of  these  pockets  can  be  easily  confirmed  as  per  drawing.*  Also,  there  are  four 
pockets  similar  to  those  on  the  lower  surface  of  Figure  3.2.3-2,  but  in  this  case,  there  is  no 
foaming  adhesive.  Those  pockets  in  the  light  density  core  area  (the  left-hand  two-thirds  of  the 
panel)  are  more  difficult  to  see  than  those  in  the  medium  and  high-density  areas  because  the 
density  difference  in  these  latter  two  areas  is  greater. 


9-pockets 


Figure  3.2.3-4  CT  image  of  panel. 
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Hgure  3  JL3-S  is  an  imaap  of  a  CT  slice  taken  acraes  Ae  panel  penwndicolsr  lo  the  CT  ^ces  in 
Hgines  3^.3-2  duough  3^3<4,  cutting  throu^  Ae  legkn  cnntainfng  onlv  the  li^  deasi^  core 
material.  In  several  places,  foanung  adhesive  is  evident  The  imper  skin  ^  secoons  of  36  (dies 
on  the  teft,  tapering  to  9  plies  in  &  center,  and  finally  to  3  pun  on  Ae  lis^  The  lower  ddn 
starts  at  10  plies  on  Ae  left  then  tapers  to  4  pfies  for  Ae  remainder  of  &  panel  Adhesive 
curling  is  seen  on  Ae  bottom  skui/core  mtenace  near  the  left  end  of  Ae  pand.  Careful 
observation  of  the  image  on  the  CT  system  monitor  showed  some  porosity  in  the  36-ply  section 
<ni  the  upper  left 


Figure  3.2.3-S  CT  image  across  panel 


This  panel  provided  a  variety  of  features  to  inspect  and  is  a  good  exanq>le  of  the  versatility  of  CT 
to  evaluate  the,  oAerwise,  maccessible  interior  of  complex  conqiosite  parts,  which  can  be  made 
of  a  variety  of  materials.  AlAough  all  of  the  various  features  of  interest  were  not  discussed 
above,  CT  provided  necessary  and  useful  information  for  Ae  following:  1)  how  Ae  film 
adhesive  contacts  and  wicks  down  Ae  honeycomb,  2)  sagging  of  unsupported  film  adhesives  or 
skin  plies,  3)  wheAer  core  splices  are  ptop^ly  filled  wiA  framing  atAraive,  4)  porosity  m  Ae 
thick-sldn  area,  S)  extent  of  migration  of  toA  foaming  adhesive  am  Ae  epoxy  uim  for  rq>airs, 
and  6)  the  shape  of  pockets  machined  mto  Ae  honeycomb  core.  In  this  exan:q>le,  CT  pro^  to 
be  valuable  by  verifying  that  Ae  features  desigi^  mto  this  complex  NDT  sttmdfud  panel  wme 
built  as  plann^  CT  provided  views  of  Ae  mterior  structure  triuch  cannot  be  provi^  by  any 
otho:  NDT  technique. 
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33  Difficiitt^Coo^lex  Stnictim 

The  use  of  cooqdex  or  difficult  to  measure  feometties  is  imfxvtaiit  to  cmaiing  aeroqtace 
materiab  and  processes  for  high-performance  aircraft  structures.  CT  can  be  a  ua^  tool  to 
assist  the  developmaittrf  these  promicts. 


3.3.1  Graphitc/BMI  *'V"  Section 

The  aft  boom  fturing  on  foe  F-22  ties  foe  vertical  tail  into  foe  imper  aft  skin  and  is  an  esample  of 
developing  a  diflficult-to-manufacture  geometry.  As  part  of  &  subscale  testine  of  foe  diosen 
concept,  layup  of  foe  ^jfoite/BMI  over  a  d^t  radius  (0.5  mm  (0.02  indies))  was  required. 
Several  pens  were  fabnciued  for  the  purpose  of  determining  if  foe  tight  tadins  could  be  made 
while  maintaining  a  good  quality  part  Hgure  33.1-1  is  a  pholognqih  m  a  test  pece.  While  UT 
was  sufficient  for  evaluaong  foe  flat  areas  of  the  parts,  foe  very  tight  radnis  could  not  be 
adequately  evaluated  with  tUs  or  any  otbar  convtumcmal  NDE  mefood.  CT  was  successfully 
used  for  examining  foe  material  at  foe  radius  oi  several  parts. 


Figure  3.3.1-1  Fhotogrqih  of  "V"  shiqied  cmiqxMite  test  pand. 


CT  slices  of  structures  that  have  straight  sections  will  have  streak  artiftcts  that  tend  to  obscure 
the  reguxis  of  interest,  such  as  die  root  radius  of  die  "V”  section.  Rmrre  33.1-2  is  a  typical 
image  ctmtaining  artifacts  at  die  "V"  section  root  Ardfocts  can  be  remiced  duoagh  die  use  of 
bdus  or  filler  material,  which  is  packed  inride  and/or  around  die  part  to  be  scaimed,  Aeaby 
reducing  the  dmisity  differroces  at  die  part  edges.  In  dfo  case,  it  was  found  that  a  bolus  (Pne, 
white  si^)  that  was  slighdy  more  doise  than  die  conqioritB  virtually  eHmhiatnd  the  ardfocts  at 
the  root  radius,  and  allowed  CT  measuremrot  of  the  material  oonsolioadon  of  foe  re^on. 

Hgures  3.3.1-3  and  3.3.1-4  ate  ouunple  images  of  die  "V”  section  wifo  die  sand  bolus  filling  die 
interior.  At  the  root  radius  of  foe  "V"  the  material  consolidatkm  is  evatnaied.  Rgure  33.1-3  is 
an  imagp  from  die  first  article  and  Hgure  3.3.1-4  is  an  image  fiom  the  second  article  shotririg 
improvement  to  the  process. 

A  quandtadve  measuremrot  of  die  consolidadon  of  die  ooomorite  at  die  root  radius  could  be 
made  bv  examining  the  CT  data.  The  mean  CT  value  in  a  repm  can  be  oorrriated  to  die  actual 
noaterial  density,  while  die  standard  deviation  provides  a  measure  df  die  urdfonnity  of  the 
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conqmsitB  in  diat  region.  A  drculv  region  of  interest  whose  dismeter  wu  half  the 
tire  part  was  chosen  for  statistical  coo^arisons  at  several  different  as 

Figure  3.3.1-S.  The  result  of  die  CT  measurements  are  given  in  Figure  3.3.1-S  at  Incatio"*  A* 
and  C  for  two  "V  sections  examined  widi  CT. 


Figure  3.3, 1-2  CT  image  of  "V*  section  showing  artifacts. 


Figure  3.3.1-3  CT  image  of  "V”  section  using  bolus  to  reduce  artifacts  for  article  1. 
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Sevenl  oonduiions  can  be  drawn  finm  tbeae  leeuhs.  Rnt,  the  material  denrity  tt  tbe  adim  is 
sU^dy  tower  than  the  fliu  re^kms,  but  diere  are  no  mqor  voids  or  si|;ni£icattt  lesin  sttrved  areas. 
Swtxid,  the  material  density  u  sli^dy  less  oiufann  in  die  radius  regioo.  but  die  differenoe  is  not 
significant  Third,  there  was  an  ummvanmt  in  the  densi^  level  and  unifonnily  betw^  die 
first  and  seccmd  "V  '  section.  The  CT  results  woe  useful  in  vertfying  duu  the  diosai  material 
system  could  be  successfully  laid  up  over  the  required  radius.  The  imoraretion  from  these  tests 
was  used  to  establish  the  design  of  the  tool  for  fabricating  the  conqiosite  fitiiing.  CT  proved  to 
be  invaluable  on  this  program.  The  engineer  responsible  for  demonstrating  the  conc^  stated 
that  CT  was  the  only  NDE  method  they  had  fouM  that  actually  allowed  mem  to  examine  die 
material  quality  of  the  radius. 


3.3.2  Sinewave  Spar 

A  variety  of  spar  geometries  are  used  tm  aircraft  sldns  to  provide  added  stiffoess  and  strengdL 
Sinewave  spars  -  spars  with  sinusoidal  sh^ed  webs  -  have  a  particularfy  good  stififoess-to- 
weight  ratio,  and  will  replace  conventional  statist  web  ctmcepts  on  new  advimced  aircraft  such 
as  the  F-22.  Because  of  dieir  complex  gecnnetry,  however,  sinewave  spars  are  more  difficult  to 
inmect  Ultrasonic  testing,  the  standi  NDE  method  for  composite  spm,  requires  curve- 
following  or  multiple-angl^  scanning  to  pn^ieiiy  inspect  the  web  for  delaminatitms,  voids,  and 
other  de^ts.  Because  &  flanges  are  basically  fl^  mey  are  easily  inflected  with  UT  from  die 
cap  side,  but  the  critical  web/flange  intersecti<»  is  not  fully  characterized  from  diat  side.  UT 
scanning  that  follows  the  radius  of  die  intersectitm  is  required.  Not  only  is  this  complicated,  but 
the  interpretation  of  the  data  is  difficult 

While  it  may  not  replace  UT  for  general  inspectitm  of  sinewave  span,  CT  qipean  to  have 
potential  as  an  evaluation  tool  for  tte  web/flan^  intersections.  An  earlier  CTAD  report  on  CT 
for  composites  indicated  just  that  [4].  In  order  to  assess  the  defect  detectitm  cqiabiUties  of  CT  at 
these  intersections,  a  thermoplastic  sinewave  spar  was  evaluated  on  a  medium  resolution  CT 
systeia  Figure  3.3.2-1  is  a  photognph  of  a  section  of  a  spar.  Previous  CT  scanning  with  a 
medical  system  had  indicated  that  flaws  were  present  in  critical  areas  [4],  but  the  resolution  of 
die  medictd  CT  images  was  not  sufficient  to  acmally  characterize  the  defects. 


lUOHK 


Figure  3.3.2- 1  Photograph  of  a  test  section  of  a  sinewave  spar. 
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The  tpar  wu  placed  in  a  container  of  fine  gnin  while  land  lo  eliminaie  the  itreak  ardfiictt  thtt 
are  produ^  along  long  straig^  padi  lea|^  in  CT  images.  For  a  spar  with  an  T  beam  CT 
cross  sectioo,  dieae  artifacts  would  cross  at  the  web/flan«  intersection  and  tend  to  obacine  the 
data.  The  sand  btdus  was  very  effitctive,  and  virtually  entninated  the  aitifiicts.  A  series  of  CT 
slices  were  taken  at  400  kV  and  2.3  mA  with  2-cm-al»oe  spacing  along  die  nar  section.  Hgure 
3.3.2-2  is  a  typical  CT  slice. 


Hgure  3.3.2«2  CT  image  of  a  sinewave  spar. 


Delaminatioos  and  cracks  that  connect  delaminations  were  found  near  one  end  of  the  spv 
section  at  die  web/Elange  intersections.  A  series  of  contiguous  slices  were  then  taken  in  ^ 
regicm  in  order  to  more  fully  characterize  die  flaws.  Thirty-one  slices  1  mm  (0.04  inches)  tpm 
were  taken  over  a  3-cm  (1.2  inch)  length  to  produce  a  3-D  data  set  of  the  area.  Part  of  die  aeries 
ci  slices  {every  fourdi  image)  is  shown  in  Hgure  3.3.2-3,  where  die  right  wefa/Oange  inaersection 
is  isolated.  The  shqie,  size,  and  relative  location  of  die  cracks  and  delaminations  are  clearly 
defined  within  the  spar  cross  section. 
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Delaminadons 
Mid  multiDle  cracks 


Figure  3.32-3  CT  image  series  of  a  sinewave  spar  showing  flange  cracks  and 
delaminations. 

The  defects  in  this  spar  ate  relatively  large.  Not  all  cracks  or  delaminations  that  must  be 
identified  will  be  this  significant.  However,  it  is  clear  fiom  the  definititm  in  these  scans  that 
sm^er  defects  can  be  imaged.  The  CT  data  provides  spatial  characterizi^tMi  of  the  flaws,  which 
can  be  used  to  make  informed  decisions  about  needed  process  modifications,  and  to  predict  part 
perfOTmance.  At  the  same  time,  the  CT  data  can  provide  a  complete  dimensional  measure  of  the 
spar  at  any  chosen  location.  If  CT  were  to  be  us^  as  a  defect  detection  tool  for  the  welVflange 
intersections,  required  dimensional  measurements  could  be  made  simultaneously  and 


amomaiically  urint  softwic  dedgned  for  this  purpoie.  A  syMm  diat  takoi  ilioes  u  die  part  is 
passed  diioa||i  it  ncrizootally  could  be  designeo  and  bdlt  for  diis  qiedfic  Sjppiicaiion.  CT 
scanning  coiud  initially  be  done  at  specific  legi^  stations,  and  «tn  slices  coiud  be  made  at 
regkms  of  coooeni  or  where  poseatial  flaws  are  indicaspd  by  digital  radiognqphy  or  ultrasonics. 
For  die  bett  possible  data,  b(^  mmerial  may  be  remiired.  The  bolus  could  be  in  solid  or  liquid 
form,adq)iBdtodiepartiailarq>plicationforcaseof  inqdementation. 

The  development  of  a  CT  system  for  evaluadng  siaewave  mars  appeaa  to  have  considwable 
merit  b  would  be  wordi  punuu^  diis  iraoich  with  a  small  trade^^  stud^  diat  examines  the 
costs  and  efiecdveness  of  the  various  NIw  methods  available  for  sinewave  qm. 


3.4  Tows  and  Windings 

Comporite  structures  use  fibers  in  a  resin  matrix  for  hu^  strength  alo^  the  fiber  axis.  The 
manufacture  of  dieae  structures  leBes  on  the  orientatioo  of  fibers  dieir  uniformity  to  achieve 
the  design  goals. 


3.4.1  Thick  Conqxisite  Beam 

A  section  of  a  solid  cocqxMite  beam  is  an  exaoqile  of  using  CT  to  evaluate  the  fibei/matrix 
condition  with  special  interest  in  the  extent  of  fiber-bundle  waviness  inside  the  beam.  A 
phologrqdi  of  die  section  of  the  beam  is  shown  in  Rguie  3.4.1-1.  The  beam  is  200  mm  (8 
inched  across  and  about  30  mm  (1J2  inches)  duck.  The  test  section  shown  m  the  figure  is  only 
84  mm  (3.3  inches)  long  and  has  three  holes  (3,  S,  and  7  mm  (0.1, 0.^  and  0.28  inch)  diameter) 
whose  axes  are  peipCTdicular  to  die  fiber  plies  maldi^  iqi  the  conyosite.  The  two  oittside  dmds 
of  the  section  were  slif^dy  ducker  than  the  cmitral  dmd. 


Hgure  3.4.1-1  Photogrqdi  of  a  composite  beam. 


The  test  section  was  scanned  with  several  slices  taken  at  various  locations  alo^  the  Inigdt  A 
CT  slice  is  shown  in  Figiro  3.4.1-2.  This  slice  is  near  die  crater  oi  the  section,  showing  the 
dnee  holes.  The  beam  is  intentionally  skewed  alo^  its  Iragdi,  making  die  CT  image  a 
parallelogram.  The  image  easily  lesdves  die  various  {dim  in  the  beam 
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Figure  3.4.1-2  CT  image  of  the  axnposite  beam. 


In  order  to  study  fiber  features  in  the  individual  plies,  20  contiguous  slices  were  taken  centered 
approximately  over  the  middle  of  the  beam  section.  Fmn  these  slices,  which  coo^rise  a  diree- 
dmiensional  ^ta  set,  a  multiplanar  rec<mstructi(»  (MPR)  was  peiformed.  The  software  used  in 
die  MPR  allows  the  isolation  of  peipendicular  planM  contained  in  the  three-dimensitmal  volume 
bounded  by  the  data  set  The  pUmes  piuallel  to  the  plies  were  chosen  for  evaluatitm  of  the  beam. 
The  software  used  in  the  reconstruction  interpolates  between  slices  across  the  25-mm-  (1-inch-) 
thick  beam  section.  A  wealth  of  inftvmation  was  revealed  ftmn  inspection  oi  the  reccmstructed 
planar  sections. 

Figure  3.4.1-3  is  a  reconstructed  planar  image  at  qiproximately  3.9  mm  (O.IS  inch)  below  the 
top  smface  containing  the  holes.  Several  features  are  noteworthy  in  diis  figure.  Rrst,  die  crater 
section  (approximately  the  central  one  third)  appears  to  be  resm  starved  compared  to  the  two 
ends.  This  is  indicate  by  the  darker  reoon  occiqiying  most  of  the  center  of  die  figure.  The 
displayed  portion  of  the  reconstructed  "suce"  does  not  go  the  whole  length  of  die  beain,  so  dtis 
darker  po^on  is  more  than  a  third  the  figure  lengdi.  The  fibers,  having  the  hidier  density, 
show  up  as  lighter  in  these  figures.  Next,  thm  is  a  fiber  tow  (bundle)  in  the  right-hand  portion 
of  the  figure  which  is  out  of  idignmenL  Tlus  is  the  white  line  running  diagonally  iq>  towi^  the 
end  of  me  figure  starting  at  the  bottom  just  to  the  ri^t  of  the  large  hole.  It  is  graerally  ve^ 
useful  in  the  manufacture  of  composites  to  know  if  the  fibers  in  a  particular  ply  are  properly 
aligned.  In  this  instance,  CT  had  no  prablem  seeing  fiber  tows  diat  were  out  of  tdignment 


Resin  rich  region 
toward  outer  edge 


Resm  starved 
central  region 


Off  axis  tow 
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Figure  3.4.1-3  MPR  reconstructed  CT  ima^  of  the  composite  beam  at  3.9  mm 
(0.15  inch)  from  surface. 


The  main  feature  of  interest  in  the  investigation  was  fiber  tow  waviness.  It  turned  out  that  some 
of  the  plies  duncxtstrated  a  great  deal  of  waviness  in  the  fiber  tt>ws,  while  other  plies  contained 
fibor  tows  that  qnieared  to  be  quite  strai^t  Hgure  3.4.1-4  is  a  reconstructed  "slke"  located 
approxiuiaiely  10.8  mm  (0.43  inch)  from  the  surface  of  the  beam  section.  The  fiber  taws  ai^iear 
to  be  quite  strai^t  for  tl^  particular  ply.  Figure  3.4.1-5  is  a  reoHistruction  oi  a  "sUce"  loaned 
iq>proximately  4.1  mm  (0.16  inch)  £r^  the  surface.  In  this  case  the  fiber  tows  exhibit  strong 
waviness,  witii  a  peiiod^ty  that  appears  to  be  rou^y  the  same  ovo^  most  ttf  the  reg^  oi  die 
ply  boun^  by  die  Imles.  There  were  several  pl»s  that  exhibited  this  type  of  waviness,  and 
several  that  had  straight  fiber  tows. 


Straight  fibers 


Figure  3.4.1-4  MPR  reamstructed  CT  image  oi  die  conqiosite  beam  at  10.8  mm 
(0.43  inch)  from  surfime. 


Strong  fiber  bundle  waviness 


Figure  3.4.1-S  MPR  reconstructed  CT  image  of  the  conqiosite  beam  at  4. 1  mm 
(0.16  inch)  from  surface. 


Finally,  wrinkling  in  individual  was  also  detecled.  Hgure  3.4.1>6  shows  some  om-of-fdane 
wrinknng  in  a  ply  located  q^nmomatBly  9.4  mm  (037  inches)  from  the  surfree.  The  tMudde 
^oes  roughly  almg  the  long  dimension  of  die  beam  section.  Starting  at  the  left  side  of  die  image. 
It  runs  up  to  the  ten,  thra  bade  down,  and  dien  horizcmtally  dtoMgh  the  center  hde. 
cemtinuing  slighdy  downwards  as  it  runs  horizontally  to  die  right,  qiparendy  sto^pj^ng  at  die 
largest  hole.  It  a^iears  as  the  part  of  ^  image  that  seems  to  be  "out  (x  focus";  dus  is  because 
the  tows  in  die  wnnkled  pottum  ate  not  entixefy  contained  in  the  leconstnicted  plane. 


Slight  out-of-plane  wrinkling 


Figure  3.4.1-6  MPR  reamstructed  CT  inuige  of  the  compodle  beam  at  9.4  mm 
(0.37  inches)  firmn  surface. 


In  the  case  this  solid  beam  seedtm,  CT  has  proven  to  give  detailed  information  in  fiber  tow 
and  fiber  ply  features.  This  type  of  ittformatkxi  is  available  fairiy  routinely,  as  the  system  used 
to  scan  tte  section  was  a  tn^um  resolution  ^stera  The  camdrility  to  do  die  multqilanar 
recmistroction  gready  enriches  the  quality  of  the  infrrmatitHi  cemduded  from  scaruiing  die  article 
with  a  modest  numba  of  slices,  (say  20  tt>  25),  since  it  permits  evaluation  of  features  in  planes 
otho’  dum  Ame  of  the  original  CT  shces  thmn^ves. 


3.4.2  Rlament  Wound  Botde  with  Foam  Core 

Filament  winding  is  anotho*  example  of  using  fibers  for  performance  gains  over  traditional 
structures.  A  composite  botde,  460  mm  in  diunetn  (18  inches),  with  a  foam  core,  fabricated 
with  a  filament  wound  exterior  wall  and  conqxisite  interior  wall,  is  shown  in  Figure  3.4.2-1.  The 
interior  wall  was  made  in  two  sections  which  were  butted  together  and  dien  bonded  to  a  sleeve 
which  overlapped  the  two  butted  wall  sections. 


Figure  3A2-1  CooqKMilB  filament  wound  book  with  a  foam  core. 


Several  slices  of  the  bottle  were  made  to  investigate  potential  disbonds  and  the  ctmditun  of  the 
foam  core  material.  Figure  3.4.2<2  is  a  CT  slice  taken  through  the  region  of  the  bottle  including 
the  butt  joint  and  sleeve.  The  foam  core  material  is  seen  in  this  figure,  altmg  with  an  indicator 
marker  just  below  "3  o'clock"  in  the  figure.  At  about  "S  o'clock"  a  gap  in  Ae  wall  material  is 
indicate.  This  gap  is  too  far  away  from  the  inner  surface  of  the  botfie  to  be  die  btMid  between 
the  wall  and  the  sleeve.  It  is  a  gap  in  the  inner  wall  itself.  Adjusting  the  window  level  to  omit 
the  lighter  density  materials,  such  as  the  core  foam  and  the  sleeve,  permits  further  detail  as  to  die 
condition  of  the  inner  wall  itself.  Figure  3.4.2-3  is  the  same  slice  with  the  window  level 
increased  to  show  only  the  denser  materials  in  the  figure.  The  wall  gap,  revealed  in  the  previous 
figure,  is  seen  to  be  more  extensive,  at  "4  o'clock  and  5  o'clock,"  with  further  indications  at  "10 
o'clock"  and  just  above  "3  o'clock."  No  other  NDE  method  is  capable  of  giving  this  information 
on  an  enclos^  structure  such  as  this. 
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Figure  3.4.2<2  CT  slice  of  the  bottle. 


Wall  gap 
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Figure  3.4.2-3  CT  slice  of  Hgure  3.4.2-2  widi  contrast  adjustment 


3.4.3  Wound  Fiberglass  Conqtosite  Ring 

A  sectmd  exanqtle  of  a  wound  conqxMient  is  a  fiberglass  composite  ring,  156  mm  (6  inches)  in 
diameter  and  a  IS-mm-  (0.6-inch-)  thick  wall.  The  ting  was  mcamined  for  vdds  and  gen^ 
condition  of  the  composite.  A  photograph  of  the  ring  is  shown  in  Hgure  3.4.3-1.  Sev^  CT 
slices  the  ring  were  made.  One  is  shown  in  Hgure  3.4.3-2.  This  slice  indicated  voids  between 
windings  near  the  outer  surface  of  the  ring  at  about  ”6  o'clock"  and  "8  o'clodc."  The  image  also 
shows  a  number  of  low-density  indications.  In  addition,  the  inner  most  portion  oi  the  ting  is 
considerably  less  dense  than  die  remainder  of  the  ring.  These  featmes  are  qukkly  detected  widi 
CT,  and  give  much  more  detail  concerning  the  genend  ctHudititm  oi  the  ring  and  process  effects 
than  any  othm’  NDE  method. 
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Figure  3.4.3- 1  Photograph  of  fiberglass  ring. 


Figure  3.4.3-2  CT  image  of  the  ring  showing  voids  in  the  windings. 


3^  n^nfity/fjnnafJUia^ioi 

Material  density  and  consoUdatkm  measurements  are  inqxittant  in  emerging  material 
develqnnents.  In  an  eariter  CTAD  report,  material  ctmsolidation  was  shown  to  condaie  widi 
shear  strengdi  in  gr^hite  epoxy  [10],  and  in  Section  3.3-1  omscdidation  was  an  important 
paranreter  in  a  grq>hite  epoxy  structure.  This  section  discusses  several  odier  types  of  emerging 
miuerials  and  tte  usefulness  of  CT  for  their  evaluatkm. 


3.S.1  StnK:tural  Foam  for  Spar  Manufacture 

Structural  foam  is  under  ccmsideration  as  a  rq)lacaiient  for  vacuum  bi^  pressure  systems  in  die 
manufacture  of  the  interiOT  of  a  composite  helicqiter  blade  spar.  During  the  curing  process  of 
the  laminate  spar  wall,  the  foam  would  supply  die  interior  mechanical  pressure  to  hold  the 
dimensions  of  the  conqxisite  spar  waU.  The  foam  is  light  weight  and  could  remain  in  die  blade, 
allowing  the  aircraft  to  sinqiiy  "fly  away"  with  the  foam.  Bixause  it  is  inteixled  for  use  in  a 
flight  structure,  it  is  necessary  to  Imow  tte  density  variation,  if  any,  prior  to  installing  die  foam 
in  the  spar  wall. 

Evaluation  of  test  foam  was  performed  on  rectangular  samples  in  two  cmiditions:  "grera"  and 
thermoformed.  The  thennoformed  specimens  are  rqnesentative  Of  those  to  be  insttdled  in  die 
spar.  Hve  green  specimens,  labelled  B1  dmw^  BS,  and  six  thermoformed  specimens,  labdled 
A1  throu^  A6,  were  exanuned  by  CT.  A  photograph  Of  the  five  green  specimras  mounted  for 
CT  scanning  a^ars  as  Rgure  3.5.1-1.  As  shown  in  the  figure,  all  five  m  the  green  specimens 
were  scann^  sinuiltaneously,  as  were  the  six  thermoformed  specimens. 


Figure  3.S.1-1  Photograph  of  the  five  green  specimens  mounted  for  CT 
examination. 


The  green  specimens  were  each  ISO  x  ISO  x  25  mm  (6x6x1  inches),  and  the  thermoformed 
specimens  were  ISO  x  ISO  x  18  mm  (6  x  6  x  0.7  inches).  Each  of  the  CT  scans  were  taken 
through  the  centra’  of  the  specimens  directed  through  the  short  dimensitm  (diickitess).  A  CT 
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image  of  the  gieen  s|iecimens  is  shown  in  Hgiue  3.5.1-2.  revealing  vezy  little  density  variatitm. 
In  this  scan,  £e  specimens  are  sunounded  by  a  comigated  caxdboard  ring  to  reduce  vew  scrft  X- 
rays  from  tte  beam  and  reduce  image  artifacts  <n  the  outside  edges  of  the  foam.  The  CT  image 
of  the  thermoformed  s^imens  is  shown  in  Figure  3.5.1-3.  There  is  considerable  density 
variadrai  through  die  thickness  of  these  qiecimens,  especially  for  samples  5  and  6,  whk±  are  dw 
two  closest  tt)  the  botttnn  of  the  figure.  In  both  of  ^  images,  but  more  pronounced  in  Hgure 
3.S.1-3,  die  dotted  inklines  made  by  pen  <mi  the  surface  of  the  specimens  to  indicate  the  desired 
slice  location  are  evktent  They  occur  as  small  "bl^s"  along  the  upper  surfaces  of  spedmaa  A1 
through  A6,  and  specimens  B3  and  B4.  This  gives  an  regressive  indication  of  the  sensitivity  d 
the  data  to  small  density  changes  along  a  boundary. 


Figure  3.S.1*2  CT  images  of  the  "green"  finun  qiecimens. 


Figure  3.S.1-3  CT  image  of  the  thermoformed  foam  specimens. 
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Tbe  density  data  was^ooed  vernis  distance  through  dm  thickness  of  ihe  fiM  sets  yecjniu. 
These  are  shown  as  nguies  3.5.1-4  for  die  green  qredniens  and  33.1-5  for  the  dtermofoRned 
specimens.  The  green  specimmis  show  density  variations  of  5-10  peioeii^  and  the  diermofonned 
specimens  variations  m  15-25  percent  T&  calibration  of  the  density  was  determined  by 
including  a  carbon  rod  of  0.33  g/cm^  in  the  sirees. 


N>760  MMn>0.02  0«ntilyCtabnMd(gnVte) 


Figure  3.5. 1-4  Density  plots  of  "green**  foam  specimens. 


Figuie  3.5. 1-5  Density  plots  for  diermofOTmed  foam  specimois 

The  CT  data  shows  diat  the  first  curing  process  (thetmof(nming)  clearly  changed  the  drasity 
distributitm  of  the  material  from  being  homogeneous  to  having  a  hi^ier  densiQr  at  die  edges. 
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This  infijmiatioii  was  useful  in  detenmning  die  requixements  for  a  viable  foam,  and  in  evaluating 
the  potential  of  this  particular  foam  to  the  proposed  flight  applicatkm.  Future  testing  will  consist 
of  CT  scanning  cured  thermofofmed  foam  m  a  test  enclosure  simulating  a  qwr  inleriar. 


3.5.2  Fibrous  Ceramic  Hie 

Filnous  coamics  are  bein^  developed  for  high-tenqieratuxe  insulation  in  aeraqMce  implications. 
An  exanmfo  is  a  low-denaty  chop^  fiber  ceramic  tifo  specimen  embedded  into  a  ritanimn  (H) 
alloy  htmeycomb.  A  ph^gnqm  of  a  small  specimen  is  shown  in  Hgine  3.5J2-1.  The 
honeycomb  provides  strength  for  the  tile,  and  contains  holes  through  uiiich  the  cenunic  should 
omnect  when  it  is  "poured."  The  Ti  hmieycond)  does  not  quite  extmd  all  die  way  duoogili  die 
thickness  of  the  specimen,  so  it  is  not  visible  from  oat  side. 


Figure  3.5.2- 1  Photogismb  of  fibrous  cmamic  tile. 


CT  was  used  to  determine  if  the  cenunic  had  cmxmletely  flowed  into  die  holes  contained  in  die 
Ti  honeyctmib.  When  the  part  was  scanned  widi  die  CT  slice  parallel  to  die  suifru:e  shown  in 
Hgure  3.5.2-1,  the  crisscross  pattern  of  the  titanium  could  be  seen  widiin  die  cenunic  interior. 
Figure  3.5.2-2  is  an  example  of  one  of  these  images.  Voids  as  well  as  the  drasity  distiibution  of 
the  ceramic  were  easily  imaged.  However,  the  streak  artifacts  caused  by  the  titanium  eliminated 
the  possibiliQr  of  measuring  the  density  in  the  holes.  A  series  of  slices  were  talmn  (five  slices,  4 
nmi  (0.16  inches)  apart),  the  last  of  wmch  just  missed  the  titanium,  going  just  below  it,  as  drawn 
in  Figure  3.5.2-3.  This  slice  indicates  the  density  variation  of  foe  fitrous  ceramic  near  die 
titanium.  Apparendy,  foe  flow  characteristics  close  to  foe  titanium  rnluoes  die  fiber 
ccmcentration  just  below  foe  grid. 
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Hgare  3  Cr  iiiiafB  in  fibRNis  oennak  tOe. 


Figure  3.S^-3  CT  image  in  fibrous  ceramic  tile. 


The  first  scans  taken  through  the  smallest  dimension  of  die  ipecimen  were  disiTOointing, 
die  aitifiicts  from  the  H  the  infoimation  in  die  bcdre.  Aluminum  blocwi  2S  mm 
( 1  indi)  duck,  were  placed  on  hodi  sides  of  die  panel  to  equalize  the  X-fltypo^tuid  reduce  die 
artifacts  alou  die  TL  This  "trick"  worired,  as  the  region  inside  die  holes  cmild  now  be  imaged. 
Hgure  3.5.24  is  an  example  of  one  of  the  slices.  The  inrage  shows  that  the  cerarnic  flowed  into 
the  fades  because  diere  is  no  reduction  in  mearored  CT  doisiQr.  hi  this  figure,  the  hdes  in  the 
ritaniiim  amiear  as  "c"  and  "o"  shapes.  Mdiin  diese  hdes,  the  material  has  die  same  apparent 
density  as  &  in  other  tenons  of  the  qiecimen.  These  CT  scans  provided  a  materials 

group  widi  die  information  needed  to  determine  diat  diis  process  allowed  coonecdnc  of  the 
ceramic  duough  die  holes  in  die  honeycomb.  No  odier  nondestructive  inflection  memod  was 
able  to  satisfactorily  provide  dds  infoimatioiL 
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Figure  3.52-4  CT  image  in  fibrous  ceramic  die. 


3.5.3  High  Temperature  Coated  Specimens 

Coatings  are  cridcal  for  high-tenyerature  applicadons.  The  coatings  and  processes  surrounding 
their  use  can  benefit  finom  CT  evaluadon.  For  example,  small  SiC  coated  carbon-carbon  sanqrles 
were  fabricated  with  different  can^date  thermocouple  to  compraite  subsc^  attachinent 
schemes  to  determine  the  best  type  of  thermocouple  coimecdon  for  high-terrqjerature 
instrumentadon  of  a  full  scale  test  comptment  Figim  3.5.3-1  is  a  photognqrh  of  t^  of  the 
specimens.  The  larger  specimen  (speci^n  A)  contains  thermocoupfe  attachinent  points  made 
by  inserting  iridium  wires  in  1.25-mm-diameter  holes  with  an  alumina  based  cement  Specimen 
B  contains  a  siUcon  nitride  insert  cemented  to  the  top  of  the  coating.  These  speamens,  along 
wiA  several  others,  were  subjected  to  a  scries  of  high-temperature  test  cycles  similar  to  the  one 
expected  for  the  full-scale  test  Aldiough  the  samples  were  examined  with  CT  only  after  high- 
temperature  cycling,  it  would  have  been  preferable  to  CT  scan  both  before  and  after  testing  to 
better  quantify  the  effects  of  the  thermal  cycling.  The  purpose  of  the  CT  effort  was  to  obtain  an 
accurate  picture  of  the  material  loss  due  to  oxidadon  of  the  composites.  This  oxidadon  would  be 
attributable  to  leakage  in  the  coating,  arising  from  the  attachment  process  of  the  themoocouples. 
Ilie  samples  were  tdl  weighed  before  and  after  resting,  so  the  samples  which  lost  mass  were 
already  known.  What  was  not  known  was  the  actual  ler^ge  points  or  spadal  extent  of  the  loss. 
CT  data  provided  this  informadon,  as  shown  in  Figures  3.5.3-2  and  3.5.3-3. 


Figure  3.5.3- 1  Photograph  of  two  of  the  coated  specimens. 
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Figure  3.S.3-2  CT  image  of  specimens  shown  in  Figure  3.S.3-1. 


Figure  3.5.3-3  CT  image  taken  perpendicular  to  Figure  3.5.3-2. 


Figure  3.5.3-2  is  a  CT  slice  taken  through  the  two  specimens  shown  in  Figure  3.5.3-1.  The 
larger  specimen  (specimen  A)  contains  two  thermocouple  attachment  points.  Oxidation  damage 
can  be  seen  clearly  around  the  left  point  (which  had  b^n  subjected  to  25  cycles),  and  is  barely 
visible  near  the  right  attachment  point  (which  had  been  subjected  to  45  cycles).  Figure  3.5.3-3  is 
a  CT  slice  taken  perpendicular  to  Figure  3.5.3-2  just  below  the  coating  of  specimen  A.  This  slice 
reveals  the  amount  of  oxidation  around  the  thermocouple  attachment  points.  The  left  end  of 
sample  A  contains  a  previous  attachment  point  that  fail^  under  initial  thermal  cycling,  but  was 
"repaired"  by  removing  and  filling  the  oxidized  area  with  an  alumina  paste.  The  repair  was  not 
successful,  as  leakage  paths  around  the  paste  allowed  further  oxidation  upon  subsequent  thermal 
cycling. 

It  turned  out  that  once  the  coatings  were  penetrated,  unrecoverable  damage  in  the  form  of 
oxidation  to  the  specimen  always  resulted.  Thus,  whether  the  thermocouple  was  installed  in  the 
sample  by  drilling  a  hole  through  the  coating,  or  in  an  insert  which  was  installed  in  the  sample 
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and  subsequently  oveicoated,  damage  to  the  interior  of  the  qiecimen  always  occuned.  CT 
effectively  bccaat  a  means  oi  accurately  defining  how  die  occurs,  as  well  u  poridvdy 
disqualif^g  several  approaches  for  thennocoiqile  attachmmr  %  infermatioo  provided  by  the 
CT  scans  reduced  the  cycle  time  fer  the  process  of  aniving  at  the  selected  method  by  alloaring 
fewer  ^lecimens  to  he  made,  and  requiring  leas  tone  for  bodi  peo|de  and  equqxnenL  The 
method  finaUy  chosen  was  to  craoent  die  diermocotqde  to  a  coated  qiedmen. 


3.5.4  Aluminum  MMC  Rods 

Metal  mafox  composite  (MMQ  developmrot  can  benefit  from  CT  evalnation  of  nnnerial 
consdidadon.  An  exanqile  is  aluminiim  metal  composite  rods  provided  by  the 

Solidification  Labocaiory  of  the  Universi^  of  Alabama.  The  t^necdve  of  die  profect  is  to 
understand  particle  beluvior  at  the  solidifyuig  iniexfooe  of  the  matiu.  Ground  eqierimeiits  are 
not  c^nfole  of  distinauishing  between  sevoal  kinds  of  foroes  due  to  the  of  too  strong  a 

gravity  influence,  bficrogravity  eqietiments  in  qiace  wiU  dear  vp  this  ainbignity,  and  hop^my 
confirm  a  kinetic  model  Tire  pnqect  needed  a  rnethod  of  detennining  the  condito  of  candidate 
flight  qiecinaeiis,  tt  to  the  hoinogeneity  dieir  interior. 

The  rods  m  essentially  aluminum  alloy  (1  percent  by  wei^  magnesium)  matrix  containing  2 
percent  silioon  carbide  particles.  The  azes  of  die  particles  are  approximaidy  0.060  mm  (0.602 
inch)  in  diameter.  Aphoipgraph  of  the  two  rods  scanned  it  shown  in  Hgure  3  J.4-1.  Theducker 
rod  is  about  8  mm  (0.3  i^)  in  diameter,  and  die  thinner  one  is  ah^  4  mm  (0.16  inch)  in 
diameter.  Before  fUght,  it  wu  of  interest  to  confirm  feat  die  sanqdes  were  of  acoepti^ 
homogoieity  on  an  qipcopriaie  scale. 


Hgure  3.5.4-1  Fhotogrqdi  of  A1  MMC  rods. 


The  rock  were  scanned  on  a  high-resolution  (>  4  Ip/imm)  CT  system.  Multiple  CT  slices,  with 
slice  diidmess  of  0.25  mm  (0.01  inch),  were  takra  through  &  circular  cross  sectfon  for  the 
small  and  larre  rods.  Figure  3.5.4-2  is  a  CT  image  of  the  small  rod  and  Fignre  3  J.4-3  is  a  CT 
linage  of  the  huge  rod.  There  are  obvious  voids  in  both  of  the  qiecimens.  Tte  SiC  particles  are 
detected  as  li^t  dots  in  die  image.  The  granularity  assodaied  widi  eadi  of  die  dices  is  the 
approximate  size  of  die  particles.  The  anaount  of  vouing  was  condstent  along  die  rods  over  die 


> 


wiMifla  aloaf  di0  fodt. 


Hgnie  3.5.4-2  CT  image  of  tnian  ahmiiniim  MMC  rod. 


Hgme  3.5.4>3  CT  image  of  laige  abrnmumiMMC  rod. 


The  lesolts  of  diese  tests  indicatB  that  CT  is  an  exodlent  technique  fior  evaln^^ii^  maienal 
consolidation  and  uniformity  in  the  rods  to  be  snbaeqprofly  found  on  die  fBght  eatpenmenla.  hi 
dus  case,  CT  proved  to  be  die  only  way  in  whidi  MMC  qwcimms  ooiud  be  quantitatively 
assessed  noDdestrucdvely. 
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4.0 


CONCLUSIONS 


The  evaluatkm  of  Ae  ai^licability  of  CT  to  emerging  maicruk  and  processes  develofimeiit 
indicates  that  CT  is  usoul.  but  the  cost  benefits  are  realized  in  tenns  which  are  diffi^  to 
quantify:  reduced  risk,  reduced  cycle  time  for  devekqpmeat,  and  increased  design  options. 
Figure  4.1-1  summarizes  the  conclusions. 


CT  of  Emerghig  Materials  and  Processes 


•  CT  improves  efficieiicies  in  new  product  developoieiit 

i 

Saves  costs  by  reducing  cycle  time  and  number  of  cycles. 

Reduces  likelihood  of  poor  decisions,  and  consequent  wasted 
effbrt/cost 

Increases  design  options. 

•  Access  to  CT  will  prove  essential  to  compete  in  emerging  materials 

and  processes  development 

•  CT  provides  critical  process  evaluation,  feedback,  and  control. 

(T  monitors  composite  consolidadcm  and  quantify  anomalies  and 
defects. 

CT  instrumentation  can  operate  in  die  product  line 
environmoit 

CT  testing  provides  feedback  under  test  conditions  sudi  as 
temperature,  load,  environment  etc. 

•  Presenter  system  costs  are  too  high  for  routine  NDIexoqit 

for  very  high  value  products. 

•  Many  full  scale  aircraft  structures  are  of  a  size  and  shape  that  exceeds 

the  operational  mvelope  of  CT  systems,  limithig  CT  to  substracture  < 

test  samples. 


Hgnre  4.1-1  Emagmg  materials  and  processes  condusioiis. 


New  materials  or  products  usually  involve  an  iterative  c;^le  of  manufacture  and  testing  to  bring 
the  process  under  control  CT  provides  inqxirtant  infonnadon  about  dte  product  to  the 
manufacturing  mgineer  which  can  accelerate  diis  inocess.  CT  can  be  conskleied  as  an  enabling 
techndogy  fo  m  develqmient  of  new  mater^,  products,  or  manufseturing  processes. 
Accelerated  develofnnent  (^n  results  in  significant  initial  cost  savings  and  reduced  risk  of  poor 
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desi^  being  manufactured.  It  can  result  in  enofmous  savings  over  the  lifednae  of  a  program. 
CT  is  a  tool  to  be  used  in  the  "Concurrent  Engineering"  process.  Because  oi  this,  access  to  CT 
will  be  essential  to  ctnnpanies  involved  in  emerging  motmals  processing  develofnaient  acdviti^ 

CT  can  be  used  for  process  evaluation  feedback  and  control  of  a  manufacturing  process  as 
of  a  'Total  Quality  Management"  program.  The  CT  measurements  X-ray  lin^  attenuation 
coefficient  (direcdy  relat^  to  density  and  a  function  of  atomic  number)  and  the  accurate 
dimensional  information  provided  are  ideal  fm  making  inqxxlant  stati^ical  measurements  as 
well  as  for  defect  characterization  in  many  emerging  materials  and  process  developments. 
Developers  of  advanced  materials  should  plan  fm  CT  availability  when  costing  the  develc^mient 
of  new  materials  or  products.  The  ultimate  goal  of  using  CT  for  proc^  evaluation,  feedback 
and  control  will  be  to  include  CT  in  the  product  line.  Fm  example,  on-line  CT  was  considered , ' 
part  of  an  earlier  CTAD  report  for  use  on  pultrusion  manufactmed  products  [4].  In-line  CT  wii 
require  developments  in  lower  cost  CT  t^uipment  High-throug^ut  metfical  CT  technology 
holds  promise  for  applications  on  in-line  (^rations,  wl^  the  object  is  of  a  size  that  can  fit 
within  the  scanner  operating  diameter. 

CT  measurements  are  very  useful  as  pan  of  an  environmental  test  program  CT  has  been  used 
successfully  in  the  example  stmies  of  this  repmrt  between  stages  of  envircmmental  tests.  CT  can 
be  performi^  during  environmental  or  load  testing  with  proper  equipment  Such  measurements 
can  be  particulariy  useful  for  material  testing  when  the  environment  extremes  exceed  the 
capabilities  of  conventiotud  test  instruments  such  as  strain  gauges  and/or  vision  systems. 

CT  system  and  operation  costs  are  presently  too  high  for  routine  examination  except  for  the  most 
costly  products.  Rather,  CT  is  an  enabling  technology  fw  jnodua  develt^rment  CT  system 
costs  will  need  to  be  reduced  to  the  tluoughput  costs  of  traditicxul  I^I  for  CT  to  be 
implemented  as  an  NDI  tool.  There  are  (:q)portunities  for  this  possibility  in  the  future  with  hi^ 
throughput,  low-cost  CT  technology  currently  being  develop^  Volumetric  CT  imaging  w^ 
offer  some  advant^s.  For  small  (<  50  mm  (2  incli^s))  test  samples,  some  high-resolution  CT 
systems  have  capititd  and  qrerating  costs  that  ate  low  enough  to  be  us^  for  routine  examination. 

The  geometry  of  many  full  scale  aircraft  cmnposite  and  advanced  material  structures  tend  to 
exce^  the  operational  regimes  of  conventional  (360*)  access  dT  techniques  because  of  the 
overall  assembly  size  and  aspect  ratio.  Because  of  this,  CT  will  apply  to  substructure,  subsection 
testing  or  small  material  components. 
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